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Preface to the 2nd edition 



A corrected reprint of the first edition appeared in 2000. It was a requirement 
that the pagination remain unaltered, but nevertheless, apart from minor 
and format corrections on 17 pages, a number of corrections or additions of 
substance could be incorporated. These included minor corrections to Figs. 
1.3 b) and 2.8 and to the text of Fig. 5.18. The most important change of all 
was probably the complete revision of the historical treatment of Cassegrain 
in the Portrait Gallery, due to the superb research of Baranne and Launay 
on his identity, published in 1997. Additions of substance were text on pages 
21, 323 and 487 (Portrait Gallery - Mersenne) and corrections on pages 117 
to y'*), 174 (concerning the scale of Fig. 3.37), 263 (Fig. 3.96 instead of 
3.97 in the text), 341 (sign in the text equation below Eq. (4.36)), Table 
5.2 (concerning UKIRT), Table A. 15 (first symbol), pages 505 (Ref. 3.71) 
and 531 (Brown and Cassegrain). Several of these errors were pointed out by 
readers, to whom I express my gratitude. 

The present 2nd edition contains all the material of the first edition, un- 
changed apart from some further corrections, but with 25 pages more of ad- 
ditional explanations or new material, including 5 new figures (2 in Chap. 4, 
2 in Chap. 5 and 1 following the Portrait Gallery). Significant text additions 
are on pages 1-2, 22, 43-46, 63, 85-86, 86-87, 117, 120-122, 126, 129-130, 
131-132, 214, 222-223, 232-233, 262, 269, 278-279, 281, 324, 328, 370-372, 
402-404, 426-429, 433-435, 500-501. The most important of these are the 
following: pages 43-46 with the correction to Eq. (2.53) and the extensive 
justification of the definition of m 2 in Eq. (2.55) - due to a most fruitful 
correspondence with Dr. Dan Schroeder, for which I express here my grate- 
ful thanks; pages 120-122 where the mathematical argument has been com- 
pletely reformulated; pages 232-233 and 278-279 where the remarkable new 
analytical procedure of Rakich and Rumsey for setting up 3- or 4-mirror tele- 
scope solutions is briefly discussed; pages 370-372 with the new prime-focus 
corrector due to Bernard Delabre of ESO including a new “Spot-Diagram” 
in the same standard format used in the first edition; pages 402-404 with 
a description of the new Linear ADC-corrector used in the ESO VLT; pages 
426-429 with the historical print of the casting of the blank of the Melbourne 
reflector - kindly supplied by Peter Hingley, librarian of the RAS, to whom 
my grateful thanks; pages 435-436 with a historic photo of Ritchey at his 
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60 cm telescope and pages 500-501 with the historic group photo of the ISU 
Meeting at Mt. Wilson in 1910. The latter two photos, previously unknown in 
the astronomical community, were kindly supplied by Dr. Don Osterbrock, 
to whom I express my grateful thanks. I consider the above three historic 
print/photos to be a major enrichment of the book. 

A change hopefully made correctly throughout the book is the spelling of 
the name “Abbe” without an acute accent on the “e” . This error was pointed 
out by a reviewer in an Irish journal and has been confirmed by a former 
colleague of mine at Carl Zeiss. Abbe himself pronounced his name in later 
life (as virtually everyone does today, also in Germany) as though there were 
an accent, but he apparently never wrote it that way! 

Apart from the valuable help from outside sources, acknowledged above 
or in the text, I also owe a great debt of gratitude to a number of ESO col- 
leagues: Uta Grothkopf and Angelika Treumann of the ESO library, for their 
admirable service in literature procurement, particularly concerning histor- 
ical aspects of Petzval’s work; Bernard Delabre for information on his P.F. 
corrector; Gero Rupprecht for information on the ESO Linear ADG system; 
Philippe Dierickx for help with the setting-up of the new Spot Diagram (Fig. 
4.18); Ed Janssen for completing this Spot Diagram, for the new figure of 
the LADC (Fig. 4.36) and corrections to two existing figures (see above); 
Stephane Guisard for pointing out two errors; and, above all, Lothar Noethe 
for many discussions and suggestions arising from his detailed knowledge of 
the book - I sometimes think he knows parts of it better than I know them 
myself! My deep thanks are again due to my wife Anne, who always serves 
as my “Delphic Oracle” on the English language; to Springer- Verlag for the 
admirable cooperation in all respects, also to Uwe Matrisch of the firm LE- 
TeX in Leipzig for excellent work in setting up the final form of this edition; 
and to the management of ESO for their invaluable general support. 

I hope, of course, that this second edition will be often reprinted. Minor 
corrections, hopefully few, can then be made. But I am virtually certain 
that I shall not produce a third edition. Unlike the matter of RTO II, the 
theory of RTO I is, I believe, largely complete. Innovations may be made 
with minor modifications of known solutions for centered systems or with 
new “Schiefspiegler” with several mirrors. But radically new optical design 
solutions seem unlikely. Revolutionary progress is more likely in the domain 
of RTO II or in aspects not treated there, such as interferometry. 



July 2003 
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Preface 



The development of telescope optics is a fascinating story. Until this cen- 
tury, the optical theory of reflecting telescopes was essentially limited to the 
Cartesian treatment of axial imagery. In 1905, Karl Schwarzschild initiated 
a revolution by applying third order (Seidel) theory to the field imagery of 
2-mirror telescopes. Since then, the whole gamut of possible telescope systems 
has been invented, analysed and, in many cases, tried out in practice. 

Over all its history, the optical development of the telescope has also de- 
pended on technical inventions, above all in mirror materials, glasses, support 
systems and means of achieving high reflectivity. Over the last 30 years, de- 
velopments have been particularly spectacular, above all in manufacture and 
test techniques and generally in enhancing the image quality available. 

When I started this work in 1988 there was little literature in book form 
available on telescope optics. Two of the best were in German: “Die Fern- 
rohre und Entfernungsmesser” by Konig-Kohler (1959) and the monograph 
on “Teleskope” by K. Bahner in “Handbuch der Physik”, Vol. XXIX, which 
appeared in 1967. A major part of this latter work was devoted to a con- 
densed, but excellent exposition of the theory of telescope optics. Inevitably, 
more modern technical developments which have since assumed great im- 
portance could not be included; furthermore, the fact that it was written in 
German has reduced its impact and dissemination to a limited section of the 
interested community. 

In 1987, “Astronomical Optics” by D. J. Schroeder appeared. Harland 
Epps kindly drew my attention to this excellent book in 1988 and I reflected 
then whether scope for a further work on the subject still existed. I finally 
concluded that it did: Schroeder’s book covers a much wider field, since 
“astronomical” optics includes the broad subject of astronomical instruments, 
whereas my intention was (and remains) only the comprehensive coverage of 
the optics of the reflecting telescope, in the broadest interpretation of that 
term. Furthermore, Schroeder’s work emerged more from the university orbit 
and includes much basic optical theory addressed to graduate students who 
need, and can profit from, the whole physics background. 

The aim of the present book is different from Schroeder’s. It is addressed 
primarily to specialists in the field, both in the astronomical community itself 
and in the industries concerned, although I hope it may also be useful to stu- 
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dents. Consequently, subjects such as practical alignment and test techniques, 
as well as maintenance aspects, occupy a significant part. Nevertheless, there 
are inevitably major overlap areas with both Bahner’s and Schroeder’s books 
which the informed reader will recognise. This overlap, involving repetitions 
in a somewhat different context, is unavoidable for a complete presentation. 

Bahner’s book included sections on achromatic objectives for refracting 
telescopes, astrographic objectives and oculars. No such material is included 
in this book. The refractor as such and the optical design of oculars are 
only of historical interest in large telescope optics and are only mentioned 
in this context. Of course, refracting elements still play an important role 
in wide-field telescopes, field correctors and focal reducers, and these are 
dealt with in Chapters 3 and 4. In general, mirrors supply the optical power 
while refracting elements have only the subordinate but important role of 
improving the imagery. 

I favour the morphological approach with a strong emphasis on the his- 
torical background of the subject. In this sense. Chapter 5 is to be seen as 
essential background for understanding the current situation in telescope op- 
tics. For the background of the general theory of optical aberrations and 
diffraction, the reader is referred to specialist books in the field of optics. 
Only the essential consequences of Gaussian optics, third order theory and 
diffraction theory are given: the emphasis is on a complete treatment of the 
application to reflecting telescope optics. 

At the suggestion of the publisher, the work has been split into two vol- 
umes. The first volume deals with the historical development (but there is 
no claim to completeness as a history of telescope optics - that would be a 
separate work) and the theory of reflecting telescope optics, including that 
of the refracting corrector elements. The second volume deals with technical 
aspects and modern developments in general. Although there is considerable 
cross-referencing between the volumes, the split is a logical one, since each 
volume has its own entity. 

Every attempt has been made to give complete references to the interna- 
tional literature. It is hoped that the work will be useful, apart from its own 
content, as a “source book” of the subject. 

While I was writing the book, three further works on the subject were pub- 
lished: “Telescope Optics” by Rutten and van Venrooij (1988), “Astrooptik” 
by Laux (1993) and “Reflective Optics” by Korsch (1991). The first two are 
primarily destined for amateurs, but have equally great value for profession- 
als. As with the works of Bahner and Schroeder, there is considerable overlap 
with my material and I have referred to them liberally in my text. I only 
became aware of Korsch’s work when my own text was finished, but again 
there is inevitably considerable overlap of treatment. However, not only the 
content and aim of these five works, all admirable, are very different, but also 
their styles. In this sense, I feel confirmed in my own enterprise. 
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XI 



Chapter 3 of Vol. I, dealing with the aberration theory of reflecting tele- 
scopes, is the longest and certainly one of the most important in the whole 
work. It is in this area that there is the greatest overlap with the above 
books. However, an illustration of the major, and legitimate, differences in 
presentation is the data given on the optical quality of systems discussed. 
Spot-diagrams are the commonest way of representing the quality according 
to geometrical optics. Rutten-van Venrooij and Laux give virtually complete 
spot-diagram analyses of the systems they discuss, a very valuable feature. 
To keep Vol. I within reasonable bounds, I have preferred to limit myself to 
chosen examples, intended to illustrate with spot-diagrams the key points of 
the development. Some of these are taken from the literature; but most of 
those in Chapter 3 (and a few in Chapter 4) have been optimized by Bernard 
Delabre of ESO from starting systems I set up from the basic theory, or with 
minor modifications emerging from the calculations. I am deeply grateful for 
this major contribution to the work. 

I owe a great debt of gratitude to many specialist members of the as- 
tronomical community and associated industrial concerns, particularly Carl 
Zeiss (Oberkochen) and REOSC (Paris), who have generously supplied in- 
formation. This debt extends, too, to many ESO colleagues. Above all, I am 
grateful to the ESO management for supporting the project and for extensive 
help in establishing the final text. In the detailed work, I wish to thank specif- 
ically, as well as Bernard Delabre mentioned above, Marion Beelen, Samantha 
Milligan, Baxter Aitken (who has not only played a major role in the text- 
processing but also kindly read through the entire work), Ed Janssen (who 
drew and formatted the figures) and Hans-Hermann Heyer for much hard 
work and enthusiastic support. My gratitude is also due to Richard West for 
general encouragement and support. Finally, I thank the publisher, Springer- 
Verlag, for excellent cooperation, and, last but by no means least, my wife 
Anne, for much help with the text and, above all, for patience throughout 
the whole task. 
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1 Historical introduction 



The history of the telescope for astronomical purposes is certainly one of the 
most inspiring aspects of the development of science and technology. Many 
excellent accounts exist as chapters in more general works, in biographies 
or accounts of specific projects, but only a few books are devoted solely 
to the historical development. The works of King (1955) [1.1] and Riekher 
(1957, 1990) [1.2] are notable. The recent second edition of Riekher has been 
heavily modified and includes excellent new material which partially displaces 
interesting older material of the first edition. An updating of the work of King 
would be an enrichment of the subject but, failing that, the author hopes the 
present work will, with this chapter and with Chap. 5, to some extent fill this 
gap, at least on the optics side. 



1.1 Period 1608-1672 

The purpose of this introduction, as well as the content of Chap. 5, is to 
illustrate the course of development of telescope optics as a consistent logical 
process, an understanding of which is essential to a clear appreciation of the 
current situation and the way to the future. Precisely the early history, from 
1608 up to 1672, is particularly instructive, since not only the basic theory 
of the reflecting telescope was completely and correctly expounded, but also 
all its basic forms. The theory of the refractor evolved more slowly but it 
remained for at least 100 years the more powerful practical tool purely for 
manufacturing reasons which will be considered in detail in RTO 11, Chap. 1. 
This early history is treated particularly well in the classic work on telescopes 
by Danjon and Couder [1.3]. Another interesting account from an earlier 
epoch was given by Grant [1.4]. 

Above all in the Anglo-Saxon literature, Isaac Newton is often repre- 
sented as the inventor of the reflecting telescope. But this is far from the 
truth: Newton’s great merit was that he was the first person who made a re- 
flecting telescope which could rival the refractors of the time. But the idea 
of a reflecting telescope goes right back to the origins of the refractor which 
emerged in a practical form between 1608 and 1610 in Holland and Italy. 
The first genuinely scientific analysis of the optical function of the refractor 
was given by Kepler in 1611 [1.2]. However, Galileo understood the basic 
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imaging properties of his first telescope (1610) far better than most of his 
contemporaries and recognised immediately that the convex lens objective 
could, in principle, be replaced by a concave mirror. This was clear from his 
contact with Sagredo, Marsili and Caravaggi,^ in which not only concepts 
but also attempts to make a reflecting telescope were documented [1.3]. One 
of the first serious attempts at manufacture was by Zucchi in 1616 [1.1] [1.3]. 
He states he procured a bronze concave mirror “executed by an experienced 
and careful artist of the trade” and used it directly with a negative Galilean 
eyepiece. This implies a “front-view” reflector of the type later introduced by 
William Herschel. Since a “front-view” telescope must necessarily have used 
an inclined beam to avoid obstruction by the observer’s head (Fig. 1.1), it 
may be that field coma and astigmatism were also a significant factor in the 
poor image produced (see Chap. 3). But, in all probability, the manufacturing 




Fig. 1.1. Zucchi’s attempt at a Herschel-type front- view reflecting tele- 
scope, 1616 

^ Cesare Caravaggi of Bologna should not be confused with the well-known painter 
Michelangelo Merisi da Caravaggio who lived in Lombardy and died in 1610. 
(According to Hockney [1.10], Caravaggio was one of the first painters who most 
successfully used a concave mirror to project the visual scene on to a screen and 
thereby achieve amazingly accurate perspective effects). I am most grateful to 
Dr. S. D’Odorico of ESO and Prof. F. Bertola of Padua University for copies 
of original letters of B. Imperial! to Galileo (21 March, 1626), C. Marsili to 
Galileo (7 July, 1626) and Galileo to Marsili (17 July, 1626), referring to the 
construction of a reflecting telescope by Caravaggi. These make it clear that 
Caravaggi, named Caravagio (sic) by Imperial!, was certainly already dead in 
1626 when the letters were written. Riekher [1.2] states that he died in that 
year, but this is not clear from the above letters. Marsili refers to an attached 
drawing of the telescope, but this was subsequently lost. The comments in the 
letters do not make its construction clear, nor when it was made. Probably it had 
the same form as the Zucchi telescope of 1616. Unless further evidence emerges, 
which seems unlikely, we must conclude that Zucchi was the first person actually 
to construct a reflecting telescope. 
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quality of the mirror was too poor to produce a useful image on axis. Mirrors 
are more critical than lenses: the reason why surface accuracy requirements 
for mirrors are higher than for lens surfaces is given below and in RTO II, 
Chap. 1. 

Not long after, soon after 1630, Descartes invented analytical geometry, 
a tool which enabled him to confirm not only the paraboloid as the necessary 
form for a concave telescope mirror, which was already well-known, but also 
the aspheric forms necessary for theoretically perfect imagery on the axis of 
a lens system. (Kepler had anticipated this work to a limited extent with his 
pioneer views on vision and the correction of aberration in the human eye in 
“Dioptrice”, 1611 [l-l])- With this brilliant analysis, Descartes already laid 
down in his works “Traite du monde ou de la lumiere” (1634) and “Diop- 
trique” (1637) the complete theory for the elimination of spherical aberration 
(Fig. 1.2) by suitable aspheric surfaces on mirrors or lenses. Descartes’ theory 




Fig. 1.2. Spherical aberration of a spherical concave telescope 
mirror. “Paraxial” rays are nominally at a negligible height 
from the axis 



recognized the fundamental role of the conic sections in general as defined 
by second degree equations. For lenses free of spherical aberration, he even 
established the curve of fourth degree (Cartesian oval) required for imagery 
with two finite conjugates [1.5]. A spherical mirror (or single lens surface) has 
no axis, but an aspheric mirror has an axis uniquely defined by its equation. 
Thus Descartes’ theory enabled a complete theoretical prescription for perfect 
axial imagery of mirror and lens systems in the sense that each element was 
itself free from spherical aberration. It is remarkable that no further advance 
was made in the basic theory of mirror forms of reflecting telescopes until 
Schwarzschild [1.6] in 1905, 270 years later! Schwarzschild was concerned to 
optimize imagery in the field as well as on axis (see Chap. 3), whereas at the 
time of Descartes the problem was far more fundamental: how to make the 
form prescribed by Descartes to get adequate axial imagery. Improvement 
of field imagery relative to axial imagery would have been a problem of no 
practical meaning at that time. 
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The significance of Descartes’ work for reflecting surfaces was well un- 
derstood by another contemporary Frenchman, Mersenne [1.1] [1.3], with 
whom Descartes was in close contact. Mersenne proposed the forms shown in 
Fig. 1.3, published in his work “L’Harmonie Universelle” in 1636. Although 
Mersenne’s work is often referred to, its full significance is rarely appreciated 
- and certainly could not be appreciated by Mersenne or his contemporaries. 
His proposals had the following novel and remarkable features: 

a) The invention of the compound reflecting telescope comprising two curved 
mirrors, in both the Gregory and Cassegrain forms. 

b) The use of the second mirror as ocular. 

c) As a consequence of b), Mersenne was the first to propose the afocal 
reflecting telescope with a parallel beam entering and leaving the mirror 
system, i.e. a beam compressor consisting of two mirrors in the same sense 
that the refracting telescopes of the time were beam compressors consist- 
ing of a large positive and small negative (eyepiece) lens (see Fig. 1.3). 



a) Mersenne reflecting afocal b) Mersenne reflecting afocal 

Cassegrain form Gregory form 




Fig. 1.3. Two of Mersenne’s designs for reflecting telescopes, adapted from “L’Har- 
monie Universelle”, 1636, and King [1.1], compared with Galileo-type and Kepler- 
type refracting telescopes 
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d) Because of his acquaintance with Cartesian theory, Mersenne was fully 
aware that the correction of spherical aberration for each mirror required 
confocal paraboloids for their forms. 

e) Without knowing it, Mersenne invented, above all with his Cassegrain^ 
form using a convex secondary, the basis of the first mirror telephoto sys- 
tem with strong telephoto effect. The properties of the lens telephoto 
system were first recognized by Kepler in 1611 but it was forgotten 
and re-invented by Barlow in 1834, then as a photographic objective by 
Dallmeyer in 1891 [1.7]. This property was of central importance for the 
future development of the reflecting telescope (see Chap. 2). 

f) Also without knowing it, Mersenne invented the aplanatic (and anastig- 
matic) reflecting telescope in a limit case where the “aplanatic” and 
“classical” forms converge. This will be discussed in detail in Chap. 3. 
An “aplanatic” solution also corrects field coma for modest field angles, 
a property which would have been too sophisticated for Mersenne, or even 
Descartes, to understand. Its significance would only have become clear 
after the work of Fraunhofer, or of Petzval and Seidel in aberration the- 
ory (see Chap. 3). In fact, it was only with Schwarzschild’s work in 1905 
[1.6] that it would have been possible to fully understand this property of 
the Mersenne telescopes; and much later still that the clear recognition 
took place with the Wolter telescopes for X-ray astronomy [1.8] which are 
simply extreme forms of Mersenne telescopes with small modifications. 

Ironically, Descartes himself completely failed to recognize the interest of 
Mersenne’s proposals. He raised a number of objections [1.3], of which only 
one had real validity: that the exit pupil of the Mersenne forms using the 
smaller mirror as an eyepiece was inaccessible to the eye pupil giving se- 
vere field limitation. In fact, the Galileo-type refracting telescope current 
at the time had the same disadvantage, although to a lesser extent (see 
Fig. 1.3 and Chap. 2). Descartes also raised the interesting objection that the 
Mersenne telescopes “should not be less long than equivalent refractors if one 
wished for the same effect, so the construction would be no easier” , a remark 
which showed he had failed to grasp the potential telephoto property. In the 
Mersenne afocal form, Descartes was right that there was little effective gain 
in compactness over the equivalent Galileo- or Kepler-type refracting tele- 
scopes. Only with the work of Gregory (see below), with his proposal to form 
a real image with a 2-mirror system, was the enormous telephoto advantage 
compared with a primary image telescope revealed. However, this was not 
generally understood until much later. 

In fact, Descartes wished only to apply his theory to lens forms, not to 
mirrors, since he believed the failure or inability to produce the theoreti- 

^ The term “Cassegrain form” is used here because it is normal terminology. How- 
ever, a further 36 years were to pass before the proposal of Cassegrain was made 

- see below. 

- see also footnote on p. 324 concerning Mersenne. 
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cal aspheric required to eliminate spherical aberration was responsible for 
the image defects of the refracting telescopes of the time. This major error 
came from Descartes’ theory of the nature of light and colour and hence of 
chromatic aberration [1.1] which was completely inadequate to explain scien- 
tifically the real nature of the problem of the colour aberration of refracting 
telescopes. With the authority of Descartes behind it, this erroneous inter- 
pretation led to a major effort by the opticians of the time to manufacture 
aspheric forms on objective lenses, a problem which was not only completely 
insoluble with the technical means available but also futile, since spherical 
aberration was negligible with the low relative apertures which makers of 
refractors were forced to use because of chromatic aberration. In general, 
the manufacturing problem, also for primary mirrors for reflectors, was not 
the inability to produce the correct aspheric but the inability to produce an 
adequate sphere (see Chapters 2, 3, 5 and RTO II, Chap. 1). 

No doubt discouraged by the negative reaction of Descartes, Mersenne 
apparently abandoned any attempts to actually make an afocal reflector. In 
any event, as we shall see, the manufacture of a relatively steep secondary 
operating as an eyepiece would, indeed, have required an aspheric form as 
Descartes insisted, and this would anyway have failed at that time. Never- 
theless, Mersenne must be accorded the credit for inventing, on paper, the 
definitive basic geometrical form of the modern telescope. One of the principal 
motivations for Mersenne was certainly to solve the problem of the observer 
head obstruction in Zucchi’s earlier direct front- view (Herschel) arrangement 
of Fig. 1.1. This problem was clearly seen as a fundamental disadvantage of 
the concave mirror as a replacement for the refracting convex objective. 

While the simple refractor made progress - mainly through Huygens - by 
increased length to minimize chromatic (and also spherical) aberration and 
produced notable astronomical discoveries, the reflector had still not been 
realized in practice when Gregory made a further major advance in its theo- 
retical form. In 1663, he proposed the Gregory form [1.3], apparently without 
knowledge of the work of Mersenne [1.7], as shown in Fig. 1.4. 

Gregory analysed three possibilities with considerable scientific rigour: 
a telescope comprising only lenses (refractors as then used); a telescope com- 
prising only mirrors (one of the Mersenne telescopes. Fig. 1.3(b)), and a tele- 
scope combining mirrors and a lens or lenses. He recommended the last, an 
important step from the basic afocal Mersenne concept to a modern form 
in which a compound (2-mirror) reflecting telescope forms a real image. He 
also showed a positive eyepiece (Kepler, 1611, in “Dioptrice”). This had two 
advantages: the exit pupil of the telescope was accessible to the eye, thereby 
markedly increasing the field over that of the Galilean telescope; a real in- 
termediate image was provided enabling the use of a reticle. But Kepler’s 
work was not realized in practice, and little known till about 1650. Thus, the 
Gregory proposal was the first reflecting telescope form that had, in princi- 
ple, all the advantages: back view (no obstruction by the observer’s head). 
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Fig. 1.4. (a) Facsimile of the Gregory telescope from “Optica Promota”, 1663 

(after Danjon and Couder [1.3]). (b) Raypath of the Gregory form (after King [1.1]) 
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moderate telephoto effect (reduced length - see Chap. 2), a reasonable field, 
and an upright image, a useful advantage at that time. Gregory not only 
gave the correct geometrical forms for the two mirrors - parabola and ellipse 
- but also provided a stray-light baffle through the long tube separating the 
primary from the eyepiece (Fig. 1.4(a)). He also gave the correct formula for 
the equivalent focal length of the mirror combination. Gregory attempted to 
convert his admirable concept into practice with the help of the London op- 
ticians Reeves and Gox whom he commissioned to make a telescope of 6-foot 
focus [1.1] [1.3]. Inevitably, if only because of the elliptical secondary, their 
efforts were a complete failure, and Gregory abandoned the attempt. 

Newton was well informed of Gregory’s proposals and attempts at man- 
nfacture. His determination to attempt to make a reflecting telescope was 
a result of his classic experiment in 1666 demonstrating that white light was 
composed of the colours of the spectrum which were refracted differently by 
a prism. This was, of course, not only a radical advance in the theory of 
light and vision but also provided the correct explanation of the chromatic 
aberration which had limited the performance of refractors since their inven- 
tion nearly 60 years earlier. Unfortunately, Newton arrived too hastily at the 
conclnsion that refraction and chromatic dispersion were linked by the same 
linear fnnction for all refracting materials. Backed by his authority, this error 
delayed the invention of the achromatic objective for over 50 years. Neverthe- 
less, the scientifically correct explanation of chromatic aberration was a huge 
step forward. Newton also showed [1.1] that the effect of spherical aberration 
in typical refracting telescopes was only about 1/1000 of that of chromatic 
aberration, thns correcting the illusion generated by Descartes concerning the 
need for aspheric lens surfaces to correct the observed defects. Furthermore, 
Newton’s error led to the construction of the first reflecting telescope which 
conld rival the better refractors. 

Newton solved the front-view obstruction problem of the observer’s head 
by the elegant device of his plane mirror at 45° (Fig. 1.5). This invention, 
which seems simple to ns today, had eluded all his predecessors with the pos- 




Fig. 1.5. The Newton reflecting telescope, 1668 
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sible exception of Zucchi, whose ideas were too vaguely expressed to warrant 
a claim to its invention [1.3]. In fact, the Newton plane mirror was even 
more important than it seemed; for it was the only form proposed which 
had any chance of manufacturing success, since the manufacturing problems 
of the secondary mirrors of the Mersenne, Gregory or (later) Cassegrain so- 
lutions were insuperable for a considerable time to come (see Chap. 5 and 
RTO II, Chap. 1). Forewarned by the manufacturing problems of Gregory’s 
over-ambitious plan, Newton himself made his first telescope in 1668 with 
a primary of only about 3.4 cm aperture and a focal length of about 16 cm. 
He used a plano-convex (Kepler) eyepiece giving a magnification of about 
35 times. The “turned-down edge” of the primary was masked off by a di- 
aphragm near the exit pupil behind the eyepiece. Newton claimed the perfor- 
mance was comparable with, or better than that of a Galileo-type refractor 
of 4-foot focal length, although light losses were inevitably much higher. No 
doubt the success of Newton’s manufacture of the optics was due to his more 
scientific approach compared with the “spectacle lens quality” delivered by 
most opticians (he invented polishing on a pitch lap or was, at least, the 
first to publish it), and to the more modest size of the telescope. A duplicate 
instrument, apparently of better quality, was the one that became famous 
through its demonstration at the Royal Society. 

This first phase in the development of the reflecting telescope was com- 
pleted by the announcement by de Berce in 1672 of the invention by 
Cassegrain of the form that bears his name (Fig. 1.6). De Berce’s descrip- 
tion was very poor, in no way comparable with the excellent exposition by 
Gregory of his form 9 years earlier. Newton was forthright in his condem- 
nations, above all in order to refute claims of priority on Cassegrain’s part, 
which were anyway weakly based. His criticisms of the need to make a hyper- 
boloidal secondary and the difhculties of achieving that were justified; but his 
other criticisms had no validity. Both he and his contemporaries in England 
and elsewhere (e.g. Huygens) completely failed to appreciate the huge tele- 
photo advantages; also apparently its links with the proposals of Mersenne. 
The Cassegrain form simply completed the theoretical possibilities of the 
2-mirror compound reflector as expounded by Mersenne and elaborated by 
Gregory, by using the convex secondary instead of the concave one in the 
Gregory-type “mixed” telescope of mirrors forming a real image observed by 
a refracting eyepiece. 

The year 1672 marked the end of the first phase of telescope development 
and was followed by a period of consolidation. This first phase, lasting only 
some 64 years, had produced remarkable results. It was totally dominated 
by optics, the problem of getting a good image. Since planetary observation 
dominated the astronomical research of the time, the demands were high. 
Mechanical problems were also serious, but mainly on account of the length 
of telescopes required to reduce chromatic aberration to acceptable levels. The 
situation during this first phase regarding the optical development of refrac- 
tors and reflectors was remarkable and can be summed up as follows: 
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Fig. 1.6. The Cassegrain reflecting telescope, 1672, (a) as drawn by de Berce. 
(b) Raypath of the Cassegrain form (after King [1.1]) 



Refractors: The optical theory of the refractor made no advance after 
Galileo up to the time of Newton, except for the positive Kepler eyepiece, 
because the physical origin of the dominant colour aberration was not un- 
derstood. Newton explained chromatic aberration and laid the basis for the 
scientific theory of light propagation and colour vision, but - by a serious er- 
ror of interpretation - blocked further development of the refractor for over 50 
years. In spite of these failures to advance the theory, the refractor remained 
the only practical form available because it could be manufactured with suf- 
ficient precision to achieve imagery of the quality limit set by the chromatie 
aberration of long telescopes. 



Reflectors: The situation here was exactly the opposite of that of refrac- 
tors. The optical theory developed rapidly through the work, above all, of 
Descartes, Mersenne, Gregory, Newton and Gassegrain. It was so complete 
that no real further advance was made till 1905! However, even for mini- 
mum quality requirements, manufacture had proved impossible until New- 
ton’s first reflector in 1668. The reason for this is quite simple and lies in 
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elementary optical theory (see RTO II, Chap. I): the precision required for 
the same performance of a reflecting surface is about f times higher than that 
for a refracting surface. This increase of manufacturing precision compared 
with refracting surfaces was not possible even for spherical surfaces and out 
of the question for secondaries of compound telescopes, which required an as- 
pheric form. Primaries could remain spherical if the relative apertures were 
reasonably low. This, combined with the centering problem of 2-mirror tele- 
scopes (Chapters 3 and 5), is the reason why the Newton (or Herschel) forms 
were the only ones feasible in practice for about 180 years! A. further central 
problem in the early development of the reflector was the poor reflectivity, 
and hence poor efficiency, of the speculum metal used and, of course, its fur- 
ther reduction due to tarnishing. For a given aperture, therefore, refractors 
had a huge advantage in light-gathering power. 



1.2 Period 1672-1840 

For the reflecting telescope to attempt to rival the long refractors of the 
day, the theoretical work described above had to be complemented by major 
improvement in practical manufacture. Realistically, the Newton optical ge- 
ometry was pursued. In 1721, a Newton reflector of 6 inches aperture and 62 
inches focus (f/10.3) (Fig. 1.7) was presented by John Hadley to the Royal 
Society of London [1.1]. This telescope, only about 6 feet in length, was tested 
and compared with the 123-foot focus refractor of Huygens with a compara- 
ble effective aperture of the order of 6 inches [1.3]. Inevitably, the refractor 
gave the brighter image, but Hadley’s reflector gave comparable definition. 
The ease of manipulation greatly impressed Bradley and Pound during their 
comparative tests. 

Hadley’s work was the birth of the practical reflecting telescope. His work- 
manship, as shown in Fig. 1.7, was so beautiful that it would do credit to 
a modern amateur even if the design is not what one would attempt to pro- 
duce today. He invented the autocollimation pinhole test at the centre of 
curvature [1.1], the first scientific test during manufacture of a primary mir- 
ror. Using this test, Hadley was able to estimate in a qualitative way the 
errors from a true sphere of the mirror during working. This was his great 
advance over his predecessors, who had effectively been “working blind” us- 
ing methods associated more with spectacle lens manufacture, for which the 
quality requirements were much lower. Following Cartesian theory, Hadley 
attempted to “flatten” the outer parts of the mirror to produce a paraboloid. 
It is doubtful whether this attempt produced any improvement, since the 
difference between the spherical and paraboloidal form for a 6-inch aperture 
working at f/10.3 was negligible. Although, as has been stated above, the 
basic theory for perfect axial imagery in all the fundamental forms of the 
reflecting telescope was already laid down by 1672, this was not the case 
for a correct analysis of manufacturing tolerances. What was needed for this 
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Fig. 1 . 7 . John Hadley’s 6-inch, f/10.3 Newton reflector, 1721 (courtesy Royal 
Astronomical Society, through Peter Hingley) 
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in the case of primary mirrors was the series expansion of the circle which 
gives directly the difference from the parabola with the same vertex curva- 
ture (see § 3.1), together with an idea of what surface accuracy was required 
to give good imagery. In fact, with Descartes’ analytical geometry combined 
with his own binomial theorem and “method of fluxions” (calculus), Newton 
possessed, in principle, the mathematical tools not only to derive the series 
expansion of the circle but also to deduce, by differentiation, the transverse 
image aberration corresponding to the difference between the sphere and 
the paraboloid. If Hadley had known this, he could have compared (perhaps 
very crudely) the values with the transverse errors shown by his pinhole test, 
although the interpretation would have been strictly geometrical, without 
knowledge of the decisive influence of the wave theory of light which was 
only clarified by Rayleigh about 150 years later. In any event, there is no 
evidence that an analysis of tolerances using a series expansion of the circle 
took place till long after Newton. The full understanding of the convergence 
limitations of the binomial theorem was published in 1715 but not really 
noticed or understood till about 1772. 

The more generalized series expansion of a conic section, had it been 
known, would also have scientifically validated the concentration on the New- 
ton form of the reflector: it would have shown (see Chap. 3) that the aspheric 
secondary mirrors in the form proposed by Cassegrain required a far greater 
difference from the sphere than the primaries. 

A further notable advance in the manufacturing quality of reflectors was 
made by James Short, who dominated the scene both for quality and volume 
of output between 1733 and 1768. It was Short who raised the level of the re- 
flector to that of a practical instrument surpassing the old “long” refractors. 
Most of his telescopes were in the Gregory form using a concave elliptical sec- 
ondary. Short was therefore the first optician who mastered the manufacture 
of appreciably aspheric concave mirrors to adequate quality for the astro- 
nomical observations of the time; aspherics being essential for his telescopes 
because he used much steeper primaries than his predecessors, giving relative 
apertures between f/3 and f/8 at the Gregory focus. It should be remembered 
that, even at that time, the demands on resolution were high because of the 
emphasis on planetary observation. It is very important to note that Short 
nearly always made the Gregory and not the Gassegrain form. It is far easier 
to make a concave than a convex mirror (see Chap. 3 and RTO II, Chap. 1) 
because of the test procedures involved. As was unfortunately common at 
the time. Short gave no account of his manufacturing methods. It seems 
possible he invented the “overhang” method of aspherising [1.1]. In 1752 he 
made an 18-inch Gregory telescope for the King of Spain (price £1200) which 
remained for many years the largest reflector in the world. In 1749 he intro- 
duced a “universal” equatorial mount, but not in a very stable form. In all, 
according to Baxandall [1.1], he made well over a thousand telescopes. 
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As was SO often the case in the fascinating history of the development of 
the telescope, the advance of the reflector to surpass the single lens objective 
refractor (above all because of compactness) was accompanied by a major 
breakthrough in the refractor. The development of the achromatic objective 
was delayed (see above) by Newton’s false conclusion about the link between 
refraction and dispersion. This was first challenged in 1695 by David Gregory, 
Savilian professor of astronomy at Cambridge and nephew of James Gregory, 
on the basis of the supposed achromatism of the eye. In 1729, Chester Moor 
Hall worked out the basic theory of an achromatic doublet and had such 
objectives made by opticians in London, but they apparently failed to un- 
derstand their full significance. About 1750, John Dollond became aware of 
this and also of a paper by Euler (1747, in ignorance of Hall’s previous work) 
expounding the theory of an achromatic doublet. Dollond had previously be- 
lieved Newton’s statement but then convinced himself by experiments that 
an achromat was possible. A letter to Dollond from Klingenstierna in Up- 
psala confirmed that Newton’s conclusions had been wrong. Dollond then 
succeeded in making his first achromatic objectives but suppressed all ref- 
erence or credit to Hall, Euler or Klingenstierna. John Dollond’s behaviour 
in this respect was far from admirable, his son Peter Dollond’s subsequent 
behaviour was even worse (he not only denied all credit to Hall, but also 
blocked the rights of the opticians with whom Hall had worked - Bass, Bird 
and Ayscough - by a successful patent action) [1.1]. In 1790, sixty years af- 
ter Hall’s original invention, it became clear that Hall had established the 
theory not only of correction of primary chromatism but also of spherical 
aberration. It was Clairaut, finally, who put the theory into modern form 
(1761-1764) and established the normal doublet form (still known in France 
as “un Glairaut”) also corrected for spherical aberration for one wavelength 
[1.1]. Glairaut also pointed out the inevitable residual “secondary spectrum”. 
Furthermore, he investigated by ray-tracing the imagery of such objectives 
off-axis, the first time imagery in the field was considered, effectively discov- 
ering the aberrations of coma, astigmatism and field curvature (see Ghap. 3). 

A major limitation in the optimum manufacture of achromats at that 
time was the impossibility of correctly measuring the refractive indices for 
a specified colour. Another problem was the diameter limitation of glass of 
good quality, above all flint glass. Four inches was already a large blank. 
In the constant battle for supremacy between refractor and reflector, this 
was the principal factor limiting the development of the achromat before the 
improvements in glass manufacture by Fraunhofer and Guinand. In spite of 
this, the transmission of achromats was so much higher than the reflectivity 
of reflectors with two speculum mirrors that some of the best achromats of 
Peter Dollond (triplets giving reduced secondary spectrum) with apertures of 
3.8 inches rivalled appreciably larger reflectors. In 1777, tests by Maskelyne 
with such a Dollond telescope resolved rj Goronae Borealis with a separation 
of 0.9 arcsec. 



1.3 William Herschel’s telescopes 
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In this period of intensive development of the refractor, two important 
advances were made by Jesse Ramsden, an excellent instrument maker. In 
1775 he discovered what was later known as the “Ramsden disk”, i.e. the exit 
pupil of a telescope (Fig. 1.8). Vague ideas of the exit pupil were certainly 
current after the introduction of the Kepler (positive) eyepiece, but Ramsden 
was the first to explain it correctly. He was also, perhaps, the first to make 
a Cassegrain telescope of “reasonable” quality. In fact, Ramsden’s Cassegrain 
telescope was a special form which he called a catoptric (i.e. all reflecting) 
micrometer which used a split convex secondary whose tiltable halves formed 
the micrometer. However, the instrument was not successful, probably con- 
firming that the manufacture of the Cassegrain secondary was beyond the 
technology of the time, above all from a test point of view (RTO II, Chap. 1). 



Objective and 
entrance 




Fig. 1.8. The “Ramsden disk” (exit pupil) explained by Ramsden in 
1775 (after King [1.1]) 



1.3 William Herschel’s telescopes 

It is my feeling that William Herschel was the greatest astronomer of all 
time. But I would assert with more confidence that Herschel was the greatest 
telescope maker oi all time. His work [1.1] produced the biggest quantum jump 
in light-gathering power, while maintaining or even improving resolution, that 
has occurred since Galileo. Figure 1.9 shows his portrait at the age of 46 in 
1785. His achievements seem all the greater if one reflects that he only turned 
his attention to astronomy in a practical way at the age of 35. 
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Fig. 1.9. Sir William Herschel (1738-1822) painted by L.T. Abbot in 1785 (cour- 
tesy Deutsches Museum, Munich) 
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Fig. 1.10. William Herschel’s “large” 20-foot focus telescope, aperture 18.8 inches 
(f/12.8), completed in 1784, (reproduced from an engraving of 1794, courtesy 
Science History Publications Ltd., Cambridge, England) 



Herschel started off as an amateur in Bath with refractors, going up to 
30 feet length with purchased objectives. Because of the inconvenience of 
the long, thin tubes, he borrowed a Gregory-type reflector. He found this so 
much better that he tried to purchase a 5 or 6-foot^ reflector, but its price was 
beyond his means. So he started to make reflectors himself and had made a 
Sj-foot Gregory telescope before the end of 1773. However, alignment of this 
form gave him such trouble that he switched to the Newton form. He made 
a 7-foot telescope giving excellent performance on Saturn. By May 1776 he 

® At this stage of development, telescopes were still normally characterized by their 
focal lengths rather than their apertures. 



18 



1 Historical introduction 



was working on a 20-foot telescope. Herschel was the first to realize that the 
key to success was the production of a high quality spherical surface and that 
the difference between the sphere and parabola was minimal for his primaries 
which normally had relative apertures of f/12 - f/13. Apparently he was also 
the first to use, systematically, pitch polishers cut into squares. His discovery 
of Uranus in 1781 was made with an excellent 7-foot telescope with 6.2 inches 
aperture made in 1778. 

As his projects became more ambitious in size, Herschel was forced to 
use a higher copper content in casting his speculum metal blanks to avoid 
fracture. Typically, for large blanks he used 73% copper and 27% tin. The 
lower tin content made the mirror more prone to tarnish. 

His work became known to the Royal Society and the Greenwich Observa- 
tory. Comparisons with the best telescopes otherwise available were made in 
1782 and revealed the marked superiority of Herschel’s instruments. He then 
received an official salary as “Royal Astronomer” but augmented this, after 
the move to Datchet in 1782, by making and selling reflecting telescopes. In 
three years he made and sold about 60 telescopes, most of 7 to 10 feet in 
focal length. This was a prodigious feat in view of the extensive telescope 
development for his own work and the astronomical observations performed 
with them. 

For his work on nebulae, starting about 1784 from Messier’s catalogue, 
Herschel had available his “large” 20-foot telescope with an aperture of 18.8 
inches (f/12. 8). This Newton-type telescope (Fig. 1.10) was to prove to be 
his greatest achievement from the point of view of practical astronomical re- 
sults. However, he had plans for an even larger telescope of similar altazimuth 
mounting, with an aperture of 48 inches. A blank cast in London in 1785 was 
polished and gave reasonable results. A second blank cracked in cooling (Her- 
schel did not understand the necessity of slow cooling in the casting furnace) 
and a third was given an even higher proportion of copper, a guarantee of 
rapid tarnishing. The focal length was 40 feet (f/10), a formidable mechanical 
undertaking. The giant telescope (Fig. 1.11) went into operation in 1789 and 
gave “pretty sharp images”. The extra light-gathering power enabled Her- 
schel to discover two further satellites of Saturn, Enceladus and Mimas. But, 
compared with the 20-foot telescope, the 40-foot was a relative failure. The 
high content of copper in the mirror caused rapid tarnishing; but, above all, 
Herschel had reached a telescope size where mechanical problems became the 
limiting factor, rather than the problems of optical figuring, though these 
were also formidable. His simple support system, a radial iron ring, gave 
rise to considerable flexure problems when the telescope was used at appre- 
ciable zenith distance. This was exacerbated by the relatively thin mirror, 
although this had the advantage of reducing the thermal sensitivity. Herschel 
used the “front-view” form (Fig. 1.1) which bears his name, having already 
experimented with it with the 20-foot. 
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Fig. 1.11. William Herschel’s largest telescope: 4 feet in aperture, 40-foot focus 
(f/10), completed in 1789 (courtesy Deutsches Museum, Munich) 



For freshly polished mirrors Herschel determined a reflectivity of 67%, 
justifying his use of the Herschel focus. The optical quality of his smaller 
telescopes must have been extraordinarily good. In well-conceived experi- 
ments using terrestrial objects he established that a telescope of 8.8 inches 
would show a “real disc”, as distinct from the “spurious disc”, of 0.25 arcsec. 
This suggests clearly that the telescope was diffraction limited, a conclusion 
supported by his observations when the telescope was stopped down. His 
observational achievements indicate that his best telescopes, including the 
20-foot, were “seeing limited” for the seeing at Slough in England at that 
time, a quality of resolution not significantly improved till the 20th century. 

A plausible measure of the optical quality of Herschel’s two largest tele- 
scopes can be derived from his use of the Herschel “front- view” focus position 
(Fig. 1.1). With a reasonable estimate of the eyepiece position relative to the 
tube axis, the tangential field coma (see Chap. 3) of the 20-foot was about 
0.28 arcsec, that of the 40-foot about 0.58 arcsec. These amounts of coma 
were presumably smaller than, or at most comparable with, the best atmo- 
spheric seeing and other telescope errors, implying excellent quality even by 
modern standards (see RTO II, Chap. 3 and 4). 
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In a classic paper [1.9] presented to the Royal Society in 1799, Herschel 
analysed with great rigour “the power of penetration into space” of his tele- 
scopes, as distinct from their formal magnifying power. We shall consider his 
criterion further in RTO II, Chap. 4. 

Herschel was so much in advance of his colleagues, both astronomically 
and technically, that a further 50-60 years were to pass before his achieve- 
ments could be surpassed. To understand the further advances in the re- 
flecting telescope, the theory of Chapters 2 and 3 is required. The modern 
historical development from about 1840 will be taken up again in Chap. 5. 



2 Basic (Gaussian) optical theory of telescopes 



“God invented the number, the Devil invented the sign” - remark by Christoph 
Kiihne at Carl Zeiss, Oberkochen, about 1969, concerning the problems caused by 
the sign in geometrical and technical optics. 



2.1 Basic function of a telescope 

A telescope is a device whose basic technical purpose is very simple: it should 
provide a high quality image of distant objects, which may be point sources or 
extended objects. The telescope must be constructed in such a way that it can 
be pointed at the desired object field. Furthermore, if the object is moving, 
as in the astronomical case as a result of the earth’s rotation, the telescope 
must provide the means to compensate this movement. So an astronomical 
telescope has three basic functions: 

- High quality imaging 

- Pointing 

- Tracking 

The first requirement is the main subject of this book, but the other two 
aspects are closely related to it and cannot be achieved without the tele- 
scope’s image-forming property. Adequate tracking is also essential to high 
image quality and represents one of the most difficult technical requirements 
in modern telescopes. Until the invention of photography and its first applica- 
tions to astronomy in the mid-nineteenth century, the only detector available 
to investigate the information contained in the image was the human eye. 
The normal device for doing this was the ocular, and the combined form of 
imaging device known as the refracting telescope (objective and ocular) is 
that normally explained in elementary textbooks. However, the basic form of 
a telescope is simply a device producing a real image for some detector, used 
either directly in the image plane or indirectly by a transfer system such as 
an ocular to the human eye or an instrument to a modern detector. The basic 
fnnction is therefore that of a photographic camera, a device which produces 
a real image of distant objects for detection by a photographic emulsion. 
A modern astronomical telescope is simply a photographic camera with 
a huge aperture and focal length, but working with a modern detector and an 
angular field which is small compared with those of photographic objectives, 
even for cases of so-called “wide-held telescopes” . 

Even before the invention of photography, the use of the telescope in this 
basic mode was known in the form of the “camera obscura” , in which the real 
image was projected on to a screen. In its original form, probably invented 
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by della Porta [2.1] [2.2] before the invention of the telescope, the image was 
produced by a pinhole camera. The system was used later, above all for solar 
projection, the pinhole being replaced by a telescope objective functioning 
exactly as a camera objective. The “camera obscura” had the disadvantages 
of light and resolution losses due to the remittance properties of the screen 
and, above all, the fact that the image size was too small because the focal 
length of the early objectives was fairly short. The combination forming the 
refracting telescope by the addition of an ocular was therefore a revolution- 
ary advance as it provided substantial magnification, i.e. the equivalent of a 
“camera obscura” of much longer focal length. This can best be understood 
from the fundamental concept for the human eye of the minimum distance 
of distinct vision {dmin) or near point. This varies strongly with age, but 
the standard average value is normally taken to be 25 cm. This means that 
the minimum distance for observation of the image in the “camera obscura” 
will be about 25 cm, and may be more if the linear size of the image gives 
an angular field at this distance which is too large for vision in comfort, for 
example with a wide field, long focus objective. Considered as a telescope, 
the magnification of the “camera obscura” is then with the objective focal 
length /'„ 

f'co/d min 5 

which expresses the ratio of the angular size of the object or image, as seen 
from the objective, relative to that of the image on the screen seen by the 
observing eye. If the screen and eye are replaced by an ocular and eye to give 
a normal afocal refractor (see §2.2.4), the angular magnification is the ratio 
of the focal lengths 

f col f ocular i 

whereby fl^uiar easily be made as short as 10 mm or even less. With 
focuiar ~ mm , the length of the refractor for the same magnification is 
only about 1/25 of that of the equivalent “camera obscura”. Furthermore, 
the eye behind the ocular is in a relaxed state focused on infinity rather than 
the state of maximum accommodation (ca. 25 cm) required for the “camera 
obscura” . The role of the screen in the “camera obscura” is to scatter remitted 
light in such a way that sufficient light intensity reaches the eye pupil for the 
maximum semi- field angle observed. It plays the role of a light-inefficient 
“field lens”, but with the advantage that the scattering properties of the 
screen are the same over a large area so that the position of the image on 
it is uncritical. A field lens would image the objective (entrance pupil) on to 
the eye pupil. This function is shown for a Kepler-type refractor in Figs. 1.8 
and 2.8 and plays an important role in many telescope designs. 

Before we consider the precise function of such telescope systems, it is 
necessary to review some of the basic properties of optical imaging systems 
in general. 
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2.2 The ideal optical system, geometrical optics 
and Gaussian optics 

2.2.1 The ideal optical system and Gaussian concept 

An excellent treatment of the basic theory of optical systems is given by 
Welford [2.3], to which the reader is referred for a full account. Here we will 
give a condensed version of the essential points. 

An ideal optical system is assumed to have a unique axis of symmetry, 
building a so-called centered optical system. Most practical optical systems are 
conceptually centered systems, including telescope optical systems. However, 
there are important exceptions. The general theory of non-centered systems is 
very much more complex because of the vast increase in parametric freedom. 

The essential theory of imagery by an ideal optical system was first laid 
down by Gauss in his classic work of 1841 [2.4]. He introduced the concept 
of principal planes as the equivalent of any centered optical system and the 
strict definition of focal length. 




Fig. 2.1. The ideal optical system: the principal planes 
and unit magnification between them 



In Fig. 2.1, let F P P' F' represent the axis of an ideal centered system 
S which may consist of any number and arrangement of centered elements. 
The word “centered” implies symmetry of all elements to the axis so that 
the axis cuts all elements normally. Let the ray ri enter from the left at any 
arbitrary height above the axis and parallel to it, i.e. from the axial point of 
an infinitely distant object. This ray emerges at some height on the image 
side of the system S and crosses the axis at the point F . Let V 2 be a ray 
at identical height, also parallel to the axis, but entering in reverse direction 
from the right. This ray emerges at some height on the left hand side of 
S and cuts the axis at F. Let ri cut V 2 (its own projection with reversed 
direction) at Ph, where the suffix iJ simply implies a higher point than P' in 
the plane of the figure. Similarly, T 2 cuts ri at Ph- The points P and P are 
then constructed by dropping perpendiculars from Ph and Ph to the axis. 

F and F are the focal points of the system; P and P are the principal 
points, the planes through PPh and PPh perpendicular to the axis the 
principal planes. Since ri and r 2 both pass through Ph and P'h, these points 
must form object and image to each other, i.e. they are conjugate points. 
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Similarly, PPh and PPh are conjugate planes. Since, by the nature of the 
construction, PPh — PPh, it follows that the magnification from one plane 
to the other is unity. Although, by definition, F and P are always in the 
“object space” and F and P are always in the “image space”, the points 
F and P may lie to the left of the system; or F may lie to the right and 
P to the left. An analogous situation obtains for F and P. 

The distance P F is the image-side focal length, denoted by / , while PF 
is the object-side focal length, denoted by /. We shall see that |/'| = |/| if the 
media (i.e. refractive indices) are the same in both object and image spaces. 

The four points F,F ,P,P along the axis completely define the properties 
of the ideal optical system. They lead at once to a construction enabling the 
complete geometrical determination of image formation, as shown in Fig. 2.2. 




The rays ri and r 2 are constructed from the object point Ir above the 
axis and placed at a distance PI to the left of the object principal plane 
PrPPl, where the suffix L refers to the lower half of the principal plane. 
ri is parallel to the axis, passes from Pr to Ph with unit magnification and 
crosses the axis at F . The ray T 2 , now proceeding in the incident direction 
from left to right, which is defined as the normal direction of incident light, is 
drawn from Ih through F to Pl- After unit magnification transfer to P^, r 2 
must proceed parallel to the axis, since it passes through F, meeting ri at Ih 
and thereby defining the position and size of the image I'i'h. For generality, 
|P F I has been made not equal to |PP|, implying that the object and image 
media are different, e.g. air and water. In telescope systems, this is very rarely 
the case. 

A decision must now be taken on the signs of the geometrical distances 
involved. This is a matter of fundamental importance in geometrical optics 
and many sign conventions have been proposed and used in its long history. 
In accordance with Welford [2.3] and the modern trend in optical design in 
general, we shall use throughout this book a strict Cartesian system. Only 
in this way can complete generality of formulation be achieved, even though 
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the price may be an apparent complication of certain simple cases. This is 
a price well worth paying to avoid ambiguities and errors. 

Let the axial distances z and 2 : be measured from F and F , so that 
2 : is negative, z positive. Similarly, measuring / and / from P and P re- 
spectively, / is negative and / is positive. Also rj is positive, rj is negative. 
Then 

vh = -fiz = ™ ( 2 - 1 ) 

and 

v'/v = -z'/f = m ( 2 . 2 ) 

Combining these two, we have the well-known formula 

22 ' = //' , (2.3) 



Newton’s conjugate distance equation. 

Equations (2.1) and (2.2) also define the magnification m of the sys- 
tem. However, these simple relationships in 2 and 2 do not usually rep- 
resent the most convenient form, since P and P are usually more conve- 
nient reference points for the object and image positions than F and F . Let 
PI — s, P I = s . As with 2 and 2 , s is negative in Fig. 2.2 and s is 
positive. Then 

s = z + f , s' = z + f' (2.4) 



From (2.1) and (2.2): 

s = f , s = -/ (m - 1) 

m 

Eliminating m gives 

® pi ! 1 

f -s 

which reduces to 

f' f 

^ -h - = 1 
s s 

If the media in object and image space are identical, the usual case, 
it will be shown that / = — / and (2.7) reduces to the well-known 
formula” 

1 1 _ 1 
s' s f 

From (2.5) we have for the magnification m: 

s'f 

ni = jT , 

sf 



(2.5) 

( 2 . 6 ) 

(2.7) 

then 

“lens 

( 2 . 8 ) 



(2.9) 
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or, for a system in one medium 




The marked difference in form between Eqs. (2.3) and (2.7) arises from the 
fact that P and P are conjugate points whereas F and F are not conjugates. 

Telescopes are usually used on very distant, or effectively infinitely distant 
objects. In this case s ^ oo and the above formulae for the magnification 
m become zero and hence meaningless if the system terminates at the first 
image plane IIh in Fig. 2.2, the case of the photographic camera or normal 
modern telescope. We shall see in § 2.2.6 that the concept of magnification is 
replaced by the concept of scale. 

Finally, we must introduce the concept of nodal points. In Fig. 2.2, the rays 
IhP and P do not have the same angle to the axis because, for generality, 
the object and image spaces have been shown with different media whose 
refractive indices are n and n respectively. The consequence is that |/| and 
1/ I are not numerically identical but are related by Eq. (2.20) below. If the 
media are identical, then any ray cutting the principal point P will leave P 
with the same angle to the axis. This is the general property of nodal points. 
They are the same as the principal points unless n ^ n. Since this case is 
very unusual in telescope optics, it will not be considered further here. But it 
should always be borne in mind for exceptional cases where an image is not 
formed in air. 

2.2.2 Geometrical optics and geometrical wavefronts 

We have used above the concept of a ray of light without defining its exact 
meaning. Everyday experience with shadows makes the ray concept plausible 
as the straight line light path from a point source to any point it illumi- 
nates in the same medium. The definition of a ray is closely linked to that of 
a geometrical wavefront. The geometrical wavefront is the surface of constant 
phase, or optical path, which was introduced by Fermat, and published in 
1667. The wavefront is orthogonal to the rays which, to the approximation 
of geometrical optics, are the paths along which the radiation is propagated. 
The limitations of this interpretation, arising from the wave nature of light 
at boundaries, are the subject of physical optics and diffraction theory. Much 
of telescope theory can be handled by geometrical optics, though diffrac- 
tion limitations are of great importance in defining the theoretical limits of 
resolution and the tolerancing of optical errors. 

In Fig. 2.3, the point source I sends out the wavefront W in object space. 
This object geometrical wavefront is, by definition, exactly spherical with 
its centre at I. It advances with the speed of light in the object medium 
and strikes some centered optical system with principal planes at P and P . 
Suppose this system has sufficient optical power to form a point image I 
of the point object J. Then the optical system has transformed the incident 
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wavefront W into the emergent wavefront centered on J . If the wavefront 
Wi, and equally the wavefront W 2 at a later instant, are strictly spherical, 
then the image I is perfect from the point of view of geometrical optics. If, 
however, the wavefronts are not exactly spherical, the phase error involved is 
a measure of the geometrical aberrations of the optical system. This concept 
will be developed in Chap. 3 in detail. At this stage, it is important to note 
that, in a given medium, the phase error remains constant with the advance 
of the wavefront: any phase error in Wi will be identical in IT 2 . The time tjj/ 
the light takes to travel from I to I is 

1 

tjj! = — nds , (2-11) 

Cl Ji 

where Ci is the velocity of light, n the refractive index of the medium and 
ds an element of the path. The quantity f nds (which reduces to ^ nAs for 
practical systems with a few finite jumps in the refractive index n) is called 
the optical path length. The wavefronts are surfaces of constant optical path 
length. 

Equation (2.11) defines the refractive index n completely but it is better 
known as a consequence of Snell’s law of refraction at a surface separating 
two different optical media, which states that the incident and refracted rays 
are coplanar with the normal and that 

n sin i = n sin i , (2.12) 

where i and i are the angles of incidence and refraction to the normal. 
We shall see in the next section that this relation is even more powerful 
and general than the word “refraction” implies, because “reflection” can be 
handled as a special case of refraction by the same equation. 

A more general approach to the geometrical optics of the phenomenon 
of refraction is provided by Fermat’s principle. This approach is dealt with 
exhaustively in such works as Born- Wolf [2.5] or Schroeder [2.6], to which the 
reader is referred. 

2.2.3 The Gaussian optics approximation 

Figs. 2.1 and 2.2 represent refraction effects in a plane, the plane of the 
paper or principal section, as a two-dimensional process. The most important 
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aspects of the theory of centered optical systems can be dealt with in this 
section: the y, z plane, where 2 is the direction of the optical (system) axis 
and y the height in this section above the axis. Any light ray not lying in this 
section, i.e. for which the x coordinate is not always zero, is called a skew 
ray. We shall refer to these in Chap. 3. 

In the principal section, any surface of a centered optical system can be 
defined, with origin at its intersection with the axis, by the equation (see 

§3.1) 

2 = + aiy'^ + 02 / H , (2.13) 

only even powers appearing because of axial symmetry. The quantity c is 
the curvature, the reciprocal of r, the radius of curvature, while 01 , 02 ... are 
constants. Wavefronts emerging from axially placed object points and passing 
through the system would also be expressed by Eq. (2.13). For object points 
in the principal section which are not on the axis (y ^ 0), the central ray of 
the beam (the principal ray to be defined in connection with pupils, below) 
will define an oblique line in the principal section as the equivalent of the 
2 :-axis, to which a polynomial can also be applied for wavefronts centered on 
such a principal ray. Because of the asymmetry of such an object point to the 
axis, this polynomial will be an extended form of Eq. (2.13) which includes 
odd terms as well as even ones. It should be noted, however, that the only 
odd term of lower order than the first term of Eq. (2.13) is a linear term, 
implying a tilt of the wavefront. But this implies an incorrect image height: if 
this height is chosen correctly, the linear term is zero and the first quadratic 
term of (2.13) also remains the first for off-axis object points. 

Gauss [2.4] first developed a complete theory of image formation based 
only on the approximation of the first, quadratic, term in Eq. (2.13). This is 
also called the parabolic term since it defines a parabola if all other terms 
are zero. Further properties of Eq. (2.13) will be discussed in § 3.1: at this 
stage we are concerned with the significance of the Gaussian approximation, 
whereby only the first term is considered. 

Higher order terms than the first can only be negligible if the height y 
above the axis is very small compared with the radius of curvature r. This 
domain of validity is called the paraxial region. By definition, the difference 
between a parabola and a sphere, or any other conic section (see Ghap. 3), is 
negligible in the paraxial region. The definition therefore excludes all quali- 
tative influences of the precise form of refracting or reflecting surfaces, since 
the wavefronts are also defined in a way that ignores the effects of differing 
forms. In other words, the Gaussian or paraxial region is concerned, by def- 
inition, with ideal image formation. It is solely concerned with the position 
and nominal size of an image, not with its quality. 

Since the heights y of the ray intersections are small, it follows that the 
angles u, u of the rays with the axis, and the angles of incidence and re- 
fraction i, i with the refracting (or reflecting) surfaces are small. This leads 
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to another important interpretation of the paraxial region. Snell’s law (Eq. 
(2.12)) can be written, expanding the sines by Maclaurin’s theorem 




To the Gaussian approximation all terms after the first are negligible, so that 
Snell’s law for the paraxial region becomes simply 

n i — ni , (2.15) 

a simple linear equation. 

The basic tool of optical design is the exact tracing of the path of optical 
rays through the system. The general formulation for doing this is given in 
specialist works on optics, e.g. Welford [2.3], Herzberger [2.7]. Although it is 
normally expressed in a vectorial, algebraic form adapted to modern com- 
puters, the exact formulation corresponds to the exact form of Snell’s law of 
Eq. (2.12). “Paraxial rays” are traced with a reduced, simplified formulation 
based on the linear equation (2.15). All the equations involved are also linear 
and are given below. This linearity has the following important consequence: 
although in physical reality the heights y and angles u and * of a paraxial ray 
(or its diagrammatic representation) must be very small if the results are to 
be valid, the calculated results for the position and size of paraxial images are 
independent of the input conditions. Thus, if for a real physical lens surface 
whose diameter far exceeds the paraxial region, a ray is traced from an axial 
object point to the aperture edge with the exact formulae and then for the 
same aperture height with the paraxial formulae, the difference gives directly 
the effect of the terms in Eq. (2.13) beyond the first. These terms determine 
the quality of the image, in other words, the extent to which it is affected by 
aberrations. This is the subject of Chap. 3. 

The laws of Gaussian optics completely define the position and size of 
the image in any telescope system, irrespective of the number and nature of 
its elements. The paraxial form of Snell’s law is the basic law. We shall now 
deduce some other relationships. 

In Fig. 2.4 the object medium has index n, the image medium n . In the 
paraxial sense, the principal planes PPh and PPh can be considered as 
wavefronts of the rays ri and r 2 - For ri, the optical path FPuPfjFu must 
be equal to FPP F or 




Fig. 2.4. The relationship between the focal lengths 
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uFPh + [PhP'h] + n'f = -nf + [PP] + n / 



(2.16) 



Now from the paraxial approximation of Eq. (2.13) for the wavefront we have 
with PPjj — y 

nFPn = -nf - ^ , 
giving from (2.16) 



-n^ = [PP] - [PhP'h] 

For ray T 2 , with the same height y, we have 

n'^ = [PP] - [PhP'h] 

Eqs. (2.18) and (2.19) give 



r f ’ 

or, for a system in a vacuum (or air, as a normal approximation) 

/ = -/', 



(2.17) 

(2.18) 

(2.19) 

(2.20) 
(2.21) 



as used in Eq. (2.8). 

The quantity n/ f in Eq. (2.20) is called the power of the optical system 
and is often denoted by K. The reciprocal of K is the equivalent focal length 
and is, in a vacuum (or air as approximation), given by / = — /. Eq. (2.7) 
can then, from Eq. (2.20), be written in the general form 



/ / 




(2.22) 



Figure 2.5 illustrates the derivation of what is probably the most funda- 
mental law of Gaussian optics, in that it is related to the first law of thermo- 
dynamics because it governs the energy throughput of optical systems. This 
is the Lagrange Invariant (also known, variously, as the Smith, Lagrange, 
Helmholtz relationship) . 

The transverse magnification m of the system is given hy rj /rj where the 
object and image points I and I on axis are conjugate and Ih and Ih at 
height rj and t] respectively. From Eq. (2.9) 




V 



sf 

sf ’ 



(2.23) 



while from Eq. (2.22) and Fig. 2.5 with optical distances s /n and s/n 



rj ns 

T] ns ’ 



(2.24) 
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t / 

n rj nr] 

s' s 



(2.25) 



Let the height of the ray defining the aperture be y. Because they are conju- 
gate planes of unit magnification, the height y is the same at both principal 
planes. Then 



u = —— and u = — , (2.26) 

s s 

bearing in mind the Cartesian sign convention for the angles. Combining with 
Eq. (2.25) we obtain 

n u r] = nur) = H , (2.27) 

H being the Lagrange Invariant. In a system in a vacuum (or air) with n = n, 
the invariant reduces to 



u rj — urj 



(2.28) 



This relation is of great importance in practical work with telescopes. If, 
for example, a “focal reducer” is put into the emerging beam of a telescope 
to reduce the emerging f/no from f/8 to f/4, then u in (2.28) is doubled 
and the image size rj must be halved. So long as normal (centered) optical 
systems are used, the Lagrange Invariant will always apply. The connection 
with thermodynamics is clear from the fact that the total flux collected by 
an optical system from a uniformly radiating object surface is proportional 
to as we shall see below. 

In telescope optics, afocal systems have great significance. An afocal sys- 
tem has an image or object, or both, at infinity. In the case of telescopes, the 
term normally implies that both are at infinity. If we use the forms of Eq. 
(2.26) for u and u to give y and y , and the equivalent forms 

T] = UprS and y = u^^s (2.29) 

for T] and rj , where Upr and are the angles subtended by the object and 
image over the distances s and s respectively (see Fig. 2.6, where |s| and |s'| 
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tend to infinity for the afocal case, and also Eq. (2.50)), then substitution in 
(2.27) gives the afocal form of the Lagrange Invariant: 

n y ^ nyupr (2.30) 

This will be demonstrated in the next section in the specific case of an afocal 
telescope. We shall see that an afocal telescope has its principal planes at 
infinity. 

The suffix (pr) of Upr and Up^ in Eqs. (2.29) and (2.30) actually refers to 
the principal ray, which is defined relative to the entrance and exit pupils of 
a system. Only in the afocal case, where all rays of the entrance and emergent 
beams are parallel, is it possible to ascribe the field angles Upr and Up^ to the 
rays incident on P and emerging from P , except in the rare cases where the 
entrance and exit pupils are coincident with the principal planes. With the 
general definition of Upr and Up^ related to the pupils, Eq. (2.29) is only true 
in the afocal case. 

The entrance pupil of an optical system is some aperture which limits the 
diameter of the light beam entering the system for all field angles which the 
field stop allows to pass. The field stop limits the area of the object or image. 
Because of the axially symmetrical nature of centered optical systems, the 
limiting aperture is normally circular or an approximation thereto. Figure 
2.6 shows this schematically. A is the aperture stop, E the entrance pupil. 




E the exit pupil. The aperture stop limits the beam width such that beams 
from all object points which pass through the field stop, of radius IIh, pass 
centrally through it. This implies that all the other elements in the system 
S are sufficiently large to allow the passage of the extreme rays r 2 and r^ 
from the upper edge Ih of the object through the system. In other words, 
all the other elements in the system must have a free diameter larger than 
the axial beam emanating from I as it passes through them. The light beam 
cannot think! If no clear aperture stop is defined in a system, the light will 
be limited by that aperture in the system which is effectively the smallest. 
But, in such a case, aperture limitations at other elements may obstruct one 
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side of oblique beams. This phenomenon is called vignetting. Sometimes an 
aperture stop is deliberately made large enough to allow vignetting by other 
elements. This may be done, for example in certain photographic systems, to 
remove rays from the oblique image-forming beams which would otherwise 
cause unacceptable aberrations. 

In Fig. 2.6, the paraxial image of A traced backwards towards the front 
of the system, is formed at E in the object space. This is the entrance pupil. 
The principal ray is, by definition, that ray that passes through the centre 
of the aperture stop A. Again, by definition in the paraxial sense, it must 
also pass through the centre of E. The real principal ray, entering the system 
at an angle which exceeds the paraxial region, may depart slightly from this 
theoretical path: this is the effect of pupil aberration. The entrance pupil E 
is therefore the paraxial image of the aperture stop A formed by backward 
imagery through all optical elements in front of the aperture stop. E may 
be real or virtual. For an aperture stop inside a relatively compact, complex 
system, E is usually virtual. In such cases, although the entrance pupil must, 
by definition, be mathematically in the “object space”, it may physically be 
well to the right of the aperture stop or, indeed, of the whole physical system. 
In Fig. 2.6 it is shown to the left, physically in the object space, for the sake 
of clarity. This implies that the total optical power of that part of the optical 
system to the left of A must be positive (i.e. like a convex lens) and sufficient 
to form a real image of A. Such cases are uncommon. 

Similarly, the exit pupil E is the paraxial image of A formed in the forward 
direction of the light by all those elements which are to the right of A. Again, 
E may be real but is more often virtual. If one places one’s eye at the image 
plane I of an optical system and moves it over the plane, the exit pupil is 
that aperture out of which the light appears to come. 

The angle IhEI in Fig. 2.6 is the angle to the axis Upr of the incident 
principal ray, angle IjjE I the angle of the emergent principal ray. In 
general \Up^\ ^ |upr|- In telescope systems with telephoto characteristics (see 
§2.2.5), there is normally a large difference between |up^| and \upr\. But in 
an optical system placed in one medium, the ray angles Up and Up are the 
same because of the nodal point property of the principal planes P and P in 
this case. As mentioned above, in the afocal case all rays from the infinitely 
distant object (or image) point are parallel so that Up — Upr (or Up = Up^). 
This means that, in the normal telescope case in one medium and with the 
object at infinity, the condition Up = Up = Upj. obtains. In this case 

T] =Uprf , (2.31) 

a very convenient relation. 

We shall see below in Chap. 3 the role that pupil position can play in 
various telescope systems. An important special case remains to be dealt 
with: telecentric systems. 



34 



2 Basic (Gaussian) optical theory of telescopes 



Figure 2.7 shows a telecentric aperture stop, an aperture stop A placed at 
the focal point F of an imaging system. A is also the entrance pupil E since 
there is no element to the left of it. The axial image of the object point I is 
formed at I , the image of the point In in the object field at Ih- The principal 
ray rpj. passes through the centre of the stop A (and E) and is refracted by 
the system parallel to the axis so that the exit pupil is at infinity. 




Telecentric pupils are commonly used in mechanical measuring systems. 
For example, a graticule placed in the image at I Ih will give measurements 
of the object size which are independent of focus error. 

Before leaving the Gaussian properties of optical systems in general, we 
must consider the application of the general formula of Eq. (2.22) to the 
specific case of a refraction or reflection at a single surface. It is easily shown 
[2.3] that 



/ = ^ and / = 



n — n 



n — n 



(2.32) 



where n and n are the refractive indices in the object and image spaces, / 
and / the corresponding focal lengths and r = 1/c is the radius of curvature 
of the surface. Then Eq. (2.22) becomes 



nn n n 




(2.33) 



again following the strict Cartesian system, measured from the refracting 
surface, for the distances s,s , f, f and r. The radius r is therefore positive 
for a surface which is convex to the incident light from the left. 

It can also be shown [2.3] that the general case of refraction, as expressed 
by Snell’s law of Eq. (2.12), can be extended to reflection at a surface if we 
write n = —n and maintain the same strict Cartesian system of signs. This 
implies that distances, after reflection, to a succeeding refracting or reflect- 
ing surface are also reversed in sign because the light direction is reversed. 
The general formula for reflection at a surface with optical power, i.e. finite 
curvature c, is then obtained by inserting n = +n, n = —n (or equally 
n = —n, n = +n) in (2.33) giving 
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n n n 2n 

s' s f r ’ 



(2.34) 



in which n becomes simply a uniform scaling factor reflecting the optical path 
laws expressed in Eqs. (2.11) and (2.20). Eq. (2.34) reduces, irrespective of 
the value of n, to the simple reflection equation 



1112 

—i — — 77 — ^ 
s s j r 



(2.35) 



Finally, in order to fully understand the consequences of the sign conven- 
tion for the signs of the various paraxial quantities defining the image forming 
process, it is a valuable exercise to consider the paraxial ray tracing formulae. 
These are discussed in detail by Welford [2.3] and various formulations are 
possible. As stated above, the equations are fundamentally linear and, in the 
general case for following the path of a ray through successive refracting or 
reflecting surfaces, consist of a refraction equation and a transfer equation to 
the next surface. Here, we follow the old procedure with individual steps, be- 
cause the signs of intermediate quantities are of fundamental importance in 
understanding the numerous relationships of paraxial quantities in the basic 
telescope forms discussed in § 2.2.5 below. The complete paraxial ray trace for 
refraction (or reflection) at a surface and transfer to the next is then written: 
a) Refraction at surface v 



{Sv - r„) . yi 

In = Un or *1 = it Ml = (J 

Tn n 



U„ = 



71 ,, 



= 



Un 

%n -1- Mj, 



S„ = 



rAl-^ 

\ u„ 



b) Transfer from surface v to surface {v + 1) 

U(n+1) = Un 
y{u+l) =Vu+ dnu'n 



(2.36) 



(2.37) 



c) Transfer from the last surface I to the image 



Back focal distance s, = — ^ I 

I 

Equivalent focal length (efl) / = — ^ [ 

Ui ) 



(2.38) 



if the paraxial ray is traced for an object at infinity. The symbols are defined 
in Figs. 2.2 and 2.5 and the equations above, apart from dn which defines the 
axial distance from surface n to surface {n + 1). 
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2.2.4 The conventional telescope with an ocular 

Although we shall afterwards be concerned only with the reflecting telescope 
in its various forms, it is instructive to consider the Gaussian optics of the con- 
ventional refractor with an ocular, for comparison. This is shown in Fig. 2.8. 
In normal use with an ocular, such a telescope is afocal both in the object 
and image spaces. Both these spaces are in the same medium, normally air. 




Fig. 2.8. Gaussian optics of a conventional refracting tele- 
scope with ocular (afocal in both object and image spaces) 



The objective is represented by its two principal planes P\ and P^. For 
a classical “thin” doublet objective. Pi and Pi will be quite close together 
and the entrance pupil is also close to Pi . For generality, we show it at Ei , in 
front of the objective, which is also the aperture stop A. The field stop has 
the radius and defines the image size. Since the object is at infinity, 

we have a parallel incident beam, so that all incident rays for a given object 
field angle have the same angle Upr to the axis, the angle of the principal 
ray through A. The image size (radius), ^l^Ll = V is given by (2.31) as 
r] = Uprfi, where is the focal length of the objective and Up^ is in radians. 

P 2 and P 2 are the principal planes of the ocular. In normal adjustment, 
with a relaxed eye, the ocular will be focused such that the eye focuses on 
infinity, giving an afocal emergent beam which implies that all rays associated 
with a given image direction are parallel. 

From the construction of Fig. 2.1 for the principal planes of a total optical 
system, we see that, in this afocal case, the rays ri and r 2 , which are incident 
parallel to the axis, also emerge parallel to the axis. The principal planes of 
the total afocal system are therefore at infinity. 

It is important to remember that, in the Gaussian (paraxial) region, all 
angles are defined by the first term of the Maclaurin expansion of (2.14). 
There is then, by definition, no difference between the natural angle, the sine 
and the tangent. The principal planes are correctly represented as planes to 
this approximation. As soon as the next term in (2.13) or (2.14) is considered. 
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this is no longer true. This will be encountered with the sine condition in 
Chap. 3. 

The exit pupil of the afocal telescope is at qe, the paraxial image of A. 
If A were placed at Pi, the exit pupil would shift slightly to Be- H A were 
placed at Fi, the objective would be telecentric and the exit pupil would 
shift slightly in the other direction to Ce- However, because of the afocal 
exit beam, the diameter of the exit pupil is independent of its position and is 
solely determined by the diameter of the axial exit beam. This is the property 
that was recognized by Ramsden, giving the name Ramsden disk to the exit 
pupil - see Fig. 1.8. 

The essential property of such an afocal telescope is therefore beam com- 
pression: the incident parallel beam of diameter 2yi is compressed into an 
emergent parallel beam of diameter 2y2- From Fig. 2.8 it is clear that the 
beam compression factor C is given by 



c = yi/2/2 , 


(2.39) 


= \E1\I\E2\ , 


(2.40) 



if El and £'2 express the diameters of entrance and exit pupils respectively, 
£2 being the diameter of the Ramsden disk. 

In such a conventional telescope with an ocular, another essential property 
is the magnification m. For an infinitely distant object and image, m is defined 
simply as the viewing angle under which the image is viewed relative to the 
object: 

m = Up^/upr (2.41) 

Consider now the ray rE in Fig. 2.8 as one of the rays with angle Upr of 
the incident beam forming the image point hi and also passing through the 
object focal point £1 of the objective. After refraction, rE must pass through 
hi parallel to the axis and is refracted by the ocular through the axial point 
Ce, also with angle Up^ because of beam parallelism. Now the heights of rp 
at the objective and ocular are equal, so we have 

flUpr = flUpr = ~f 2 ^pr > (2.42) 

since P 2 CE = f 2 , the focal length of the ocular. From (2.41) and (2.42) 

m = Up^/upr = -/ 1//2 , (2.43) 

showing that the magnification is negative and an image inversion has taken 
place in such a conventional, Kepler-type telescope with a positive ocular. 

Also 

C = yi/y2 = P'lhihh = X//2 = -f'ilf'2 , 



(2.44) 
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or 

C = m (2.45) 

The beam compression ratio is therefore identical to the magnification and 
can, in practice, by measurement of the diameter of the Ramsden disk, give 
an accurate determination of m. This has important practical consequences 
in the visual use of telescopes in general. For example, an expensive 10 x 50 
binocular designed for low light levels and bird-watching will have m — 10 
and an aperture jiHil = 50 mm, giving an exit pupil diameter \E 2 \ of 5 mm 
according to (2.40). If it is used in bright sunlight, the observer’s eye pupil 
will shrink to 2 mm (or less). This effective exit pupil is projected back to 
the entrance pupil and diaphragms the objective to 20 mm (or less), 16% of 
its area, thereby wasting an expensive instrument. 

The same danger exists in visual astronomical observation. With a field of 
faint stars, an eye pupil of 5 mm is quite possible; but if a bright object such 
as Jupiter or the moon is observed, the pupil will probably hardly exceed 
1 mm diameter. If an ocular is used with a modern 3.5 m telescope on such 
an object, a magnification of 3500 is required to compress the beam down to 
1 mm diameter for passage into the eye. Such a magnification is higher than 
is normally acceptable for atmospheric seeing conditions, since it increases 
the normal resolution of the eye of about 1 arcmin to about 1/60 arcsec, so 
a lower value is preferred. This gives better views but diaphragms off the 
telescope. William Herschel was well aware of these problems (see RTO II, 
Chap. 4) and accordingly used magnifications as high as possible with his 
larger telescopes. 

The eye pupil problem is one of the main reasons why visual judgement of 
larger telescopes is notoriously dangerous and usually too optimistic. Oculars 
are no longer used for professional astronomical observation, but are often 
applied for technical purposes, above all during set-up. The focal length of 
the ocular to avoid diaphragming must be 

/; < E'^N, , (2.46) 

where E 2 is the estimated eye pupil diameter and the f/no of the objective 
or primary image-forming system. 

The magnification and beam compression laws of (2.44) and (2.45) are 
related to thermodynamics in that they are concerned with the energy trans- 
fer conditions. We mentioned above in §2.2.3 that the energy transferred is 
proportional to H^, where H is the Lagrange Invariant. Ignoring absorption 
or reflection losses, the capacity of a telescope to transfer energy is defined 
by the “Throughput” or “Light Transmission Power” as defined by Hansen 
[2.8][2.9][2.10]: 

7;2ti2 

LTP = fcn2 — 



(2.47) 
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Here, n is the refractive index, a measure of the area of the pupil, rf' 
a measure of the area of the image, the distance between them, the focal 
length, and k a constant. The LTP has the dimensions [L]^. 

The Lagrange Invariant for the case of an afocal telescope can be deduced 
at once from (2.43) and (2.44) since 

m = ^ = C7 = ^ , (2.48) 

Upr V2 

or 

UprV2 = UprVl , (2.49) 

for a telescope in air. In the general case, with object and image media n and 
n , we have 

n Up^y 2 = nupryi , (2.50) 

in agreement with Eq. (2.30), there given in notation for a single-element 
transfer for object and image distances tending to infinity. 

Above we have considered the normal case of the afocal telescope with the 
eye focused on infinity. Of course, it is possible, though more tiring for the 
observer, to focus the ocular further in, giving a diverging emergent beam. 
The final (virtual) image can then be observed at any desired distance down 
to the minimum distance of distinct vision, normally 25 cm. The angle Up of 
the ray rp after refraction by the ocular remains unchanged, but the other 
angles, including will change somewhat because of the divergence of the 
beam. 

Alternatively, the ocular can be focused further out, giving a converging 
emergent beam. This can no longer be focused by the eye, but the technique 
is widely used by amateurs in order to project a real image, such as that 
of the sun, on to a screen. This case is instructive in comparison with the 
reflecting telescope forms treated in § 2.2.5 below. In Fig. 2.9, let the plane 
Pi represent an objective so thin that its principal planes fall together, and 
P 2 a similar plane for the ocular. Let the latter be defocused outwards to 
produce a converging beam and a real image at l 2 - If 1^6 emergent ray r is 
projected to meet the projection of the incident ray r, parallel to the axis, the 
plane P where they intersect is the image-side principal plane of the total 
system, which is no longer at infinity. The effective focal length is / . Since it 
is measured from P to J 2 , it is negative. The focal length / will determine 




Fig. 2.9. Image principal plane in the defocused telescope of 
Fig. 2.8, producing a real image at I 2 
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the scale (see § 2.2.6) of the real image J 2 . The smaller the defocus, the smaller 
will be u ^2 the larger the value of / , which can be made far larger than 
fi = Pi/i, the focal length of the objective. In other words, the defocused 
telescope becomes a strong telephoto objective, a property identical with that 
of reflecting telescopes of the Gregory and Cassegrain forms. We shall see 
that the case of Fig. 2.9 corresponds exactly to the Gregory telescope. 

The telephoto effect of Fig. 2.9 arises from the fact that the defocused 
ocular largely neutralises the power of the objective. It is easily shown [2.3] 
that the total power K of two separated thin lenses in air is given by 

K = Ki+K 2- dKiK2 , (2.51) 



where Ki and K 2 are their powers and d the separation. In air, therefore 



1 _ 1 1 d 

7^7i^l2~7j2' 



(2.52) 



giving 1// = 0 if d = + / 2 , the afocal case of Fig. 2.8. If d is slightly 

increased, a small negative balance of power remains giving a long negative 
focal length. In the next section, we shall consider the more general form of 
Eq. (2.52), applicable to mirrors. 

The object space principal plane P, corresponding to P for the image 
space in Fig. 2.9, may be constructed by tracing a ray parallel to the axis 
backwards into the ocular end of the system. P will lie to the left of Pi 
giving a positive value of / so that, in air, / = — / , as required by (2.21). 

Finally, it should be mentioned that the defocused Galileo- type telescope, 
using a negative ocular inside the objective focus, is the similar equivalent of 
the Cassegrain reflector. In this case, /2 in (2.52) is negative. The properties of 
the Galileo-type refractor can be demonstrated by the analogous construction 
to Fig. 2.8. The length is more compact with d = /i — /2 for the afocal 
case, but the exit pupil is virtual and on the opposite (objective) side of the 
ocular from the image space where the eye must be placed (see also Fig 1.3). 
It is therefore impossible to place the eye pupil at the exit pupil, giving 
a severe field limitation. The Kepler-type, giving an accessible exit pupil at 
the Ramsden disk, is therefore the definitive form for most purposes, though 
the Galileo-type still survives, because of its compactness, in opera glasses. 



2.2.5 Basic forms of reflecting telescope 

The modern astronomical telescope is a reflector, in its normal function 
a large photographic objective forming a real image for some detector. We are 
concerned here with the Gaussian properties of the basic forms of reflecting 
telescope. 

2. 2. 5.1 Prime focus telescopes with a single powered mirror. The 

simplest forms are the Herschel and Newton forms, using only the prime 
focus of a concave primary mirror (Fig. 2.10). From the point of view of 
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Fig. 2.10. Prime focus forms of reflecting telescope 



Gaussian optics, these forms are identical. The optical power provided by the 
“thin” concave primary is the equivalent of a “thin” convex lens as objective. 
The pole of the primary embodies both principal points and is normally the 
aperture diaphragm and both entrance and exit pupils. In the Newton case, 
this implies that the flat must be large enough to accept the defined angular 
field of the detector. The sag of the mirror surface is meaningless in paraxial 
terms. In large modern telescopes the direct axial focus point I-^ can be used 
directly without the Newton flat since obstruction problems are no longer 
serious. The inclination of the central incident beam in the Herschel case has 
no significance in Gaussian optics, although it is very important if the higher 
terms (aberrations) are considered. 

Gonsider now (Table 2.1) the signs of the basic paraxial parameters in the 
ray-tracing scheme of Eqs. (2.36) to (2.38) for direct imagery by reflection of 
an object at infinity. Strict adherence to this sign convention is essential for 
the understanding and correct use not only of the Gaussian relationships but 
also the entire aberration theory of Ghap. 3. 



Table 2.1. Gaussian optics of a prime focus reflecting 
telescope with a single powered mirror: sign of the par- 
axial parameters 



Surface 


Positive quantities 


Negative quantities 




J/i 


ri 






ii 


1 


m 


n'l 




h 






m'i 


Si 


Image 






Space 




f\N,) 
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2. 2. 5. 2 Basic compound telescopes with two powered mirrors. The 

two most important telescope forms with two powered mirrors are those 
invented early in the history of the reflector, the Gregory and Cassegrain 
forms, shown in Figs. 2.11 and 2.12 respectively. We shall establish a number 
of paraxial relationships which are common to both these forms and are of 
great importance, not only for the Gaussian layout of telescopes but also in 
the general aberration theory of Chap. 3. 




As stated in § 2.2.4 above, the Gregory form is the equivalent of a defo- 
cused Kepler-type refractor, the Cassegrain of a defocused Galileo-type. The 
image side principal planes P are constructed as shown, the Gregory form 
having then a negative focal length / , the Cassegrain form a positive / . 
The object side principal planes P, constructed by tracing a parallel beam 
backwards into the system from the right, lie well to the left of the system 
and to the left of the image principal planes P in both cases. If the telescopes 
are made afocal, with at the focal point of M 2 , the principal planes are at 
infinity. 

Although the operation may at first sight seem trivial, it is very instructive 
to trace the paraxial ray through the system using Eqs. (2.36) - (2.38) step 
by step, for example with the normalized data of Cases 3 and 7 of Table 3.3 
in Chap. 3 where the paraxial parameters are used for calculating the third 
order aberrations. The ray trace for the first surface (prime focus) is common 
to both Gregory and Cassegrain. Table 2.2 shows the signs of the paraxial 
quantities, the most important aspect being the sign reversals in certain cases 
between the Gregory and Cassegrain forms. 

The strong shifts of the principal planes with the analogy of the defocused 
refracting telescopes indicate the most important property of the Gregory and 
Cassegrain forms: they are strong telephoto systems because the power of the 
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Fig. 2.12. Gaussian optics of a Cassegrain telescope 



primary is largely annulled by the secondary. This situation is expressed by 
the equivalent relationship to Eq. (2.52) for the total residual power of two 
separated mirrors, which can be written [2.3]: 



n Til ^2 tZi niri 2 

T^Ti^T2~^i7ij2 ' 



(2.53) 



where di/rii is the effective optical separation of the mirrors. If all the refrac- 
tive indices are set to -fl, this reduces to the lens formula of (2.52). For our 
2-mirror case and with our sign convention of Table 2.2, rii = ri 2 = ri = -|-l 
and 71^ = — 1 in the normal case in air. The separation d\ is negative in both 
cases as is fi = ri/2; while /2 = T2/2 is positive in the Gregory and negative 
in the Cassegrain case. Eq. (2.53) reduces to 



A — _ jL _ _ ~/2 + /i ~ 

/' " f'l /2 f'lf2 ~ f'lf2 



(2.54) 



In both the Gregory and the Cassegrain case, jdij is slightly greater than 
for the afocal case, giving an [/ | far larger than |/i|. / is then negative for 
Gregory and positive for Cassegrain. The strong telephoto effect is evident 
from the construction of Figs. 2.11 and 2.12. 

Another obvious way of interpreting the telephoto effect is to consider 
the secondary as a magnifier increasing the effective focal length without 
increasing the length of the system. This brings up the important question 
of the definition of the magnification m 2 of the secondary.^ For an optical 



^ I am deeply grateful to Dr. Daniel Schroeder for querying this matter, leading 
to an excellent discussion by correspondence. As a result, a more detailed jus- 
tification of the definition I chose in this book is now given here for the 2nd. 
edition. 
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Table 2.2. Gregory and Cassegrain telescope forms: sign of paraxial ray trace 
quantities (^denotes sign inversion between Gregory and Cassegrain) 



Surface 


Gregory form 


Cassegrain form 


Positive 

quantities 


Negative 

quantities 


Positive 

quantities 


Negative 

quantities 
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system with finite conjugates on both sides (Fig. 2.5), the normal definition 
is the transverse magnification as defined in Eq. (2.23). A compound tele- 
scope (Gregory or Cassegrain) is afocal on the object side but usually gives 
images at a finite distance both from the primary and from the secondary. 
In the Gregory case, the corresponding image heights rj^ and r )2 are nega- 
tive and positive respectively, giving a negative transverse magnification. In 
the Cassegrain case, both heights are negative, giving a positive transverse 
magnification. This is the definition used in Schroeder’s book [2.6]. However, 
both forms - and in modern times particularly the Cassegrain because of 
its predominant use - can be used in the afocal mode invented by Mersenne 
(Fig. 1.3). We shall see in Chap. 3, from their remarkable aberrational prop- 
erties as both aplanatic and anastigmatic telescopes, that the Mersenne tele- 
scopes may be seen as the fundamental forms of the reflecting telescope. We 
recall, too, that the original refracting telescope of Fig. 2.8, with ocular, was 
also afocal. Above all, since modern Cassegrain telescopes have relatively 
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small secondaries with high telephoto effects, the aplanatic Ritchey-Chretien 
form only departs minimally from the Mersenne afocal form: the primaries 
of such telescopes have a hyperbolic form of eccentricity only slightly higher 
than the Mersenne parabola. For generality, therefore, it seems desirable to 
define the magnification of the secondary in a way that is also valid in the 
afocal case. The obvious parameter to use would be the ratio of the field an- 
gles, as in Eq. (2.41) for the afocal refractor. Unfortunately, in the focal case, 
the angular magnification of the secondary defined as Mpr2/'*^pri deviates from 
the transverse magnification 772 /?7i because of the discrepancy between the 
exit pupil (and maybe the entrance pupil) and the principal planes. However, 
the signs emerging from this definition are instructive: with our Cartesian 
ray trace system of Table 2.2, the angular magnification of the secondary 
is negative in the Cassegrain telescope. But since the angular magnification 
of the primary is also negative (normally —1), the total angular magnifica- 
tion is positive. This is why, if we were to look at the moon through an afocal 
Mersenne Cassegrain telescope, using the secondary as an ocular as Mersenne 
proposed, we would see the moon upright, albeit with minute angular field 
because of the unfavourable exit pupil position (Fig. 1.3). 

We see, therefore, that the sign of the magnification of an optical ar- 
rangement in general or a Cassegrain secondary in particular, can depend on 
the measuring parameter chosen. Nevertheless, the discrepancy of the values 
given by the definitions in the focal case between transverse image heights 
and field angles is not acceptable. Fortunately, there is an excellent alterna- 
tive which removes this discrepancy and is also applicable to the afocal case. 
This definition of the magnification of the secondary m 2 is simply the ratio 
of the final to the primary focal length, a ratio which is anyway fundamental 
to telescope designers. This also gives a direct measure of the telephoto ef- 
fect. With this definition, we have for the focal case from Eq. (2.24) and the 
Lagrange Invariant of Eq. (2.27) 



/ n2?72 Ml S 2 L 

m 2 = -p- = -r-r = — = — = — , 

fi «2 ■®2 «2 



(2.55) 



in which the normal transverse magnification ratio 772/^1 i® multiplied by 
Now in Table 2.2 for the Cassegrain case 7^2 is positive and is 
negative while, as mentioned above, 772 and 77^ are both negative. It follows 
also that is negative, with / positive. The definition of Eq. (2.55) therefore 
gives the same value for m 2 as the transverse magnification, but with reversed, 
that is negative sign in the Cassegrain case. Bahner [2.11] also defined m 2 
as / /fi, but he used a non-Cartesian sign convention of special form, not 
suitable for general application, giving as positive. But other non-Cartesian 
ray tracing systems, such as those of Conrady [2.12] or Hopkins [2.13], give 
as negative, in agreement with the strict Cartesian system. Since the definition 
of Eq. (2.55) can be applied perfectly generally to both focal and afocal cases, 
this has been adopted for this book. The resulting negative value for m 2 in 
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the Cassegrain case then inevitably produces discrepancies in the equations 
for the aberration theory compared with other treatments such as that of 
Schroeder. It is not a question of right or wrong, but a question of preference. 
The choice according to Eq. (2.55) has been deliberately made with the aim 
of following an absolutely consistent Cartesian scheme throughout this book, 
also giving preference to the focal lengths as fundamental parameters rather 
than the transverse image heights. Correspondingly, of course, m 2 is positive 
for the Gregory telescope. 

One could define the telephoto effect relative to the primary simply as 



Tp = 7712 , 



(2.56) 



but the true telephoto effect T in the normal photographic sense of the equiv- 
alent focal length relative to the constructional length L is given by 



T = 



/ 

L ’ 



(2.57) 



where L — M 2 I 2 in Figs. 2.11 and 2.12. In terms of ray trace parameters 
L = 82 - Note that Eq. (2.57) is only valid if \L\ > |di|, i.e. if 6 > 0, since 
otherwise the true length of the system is given by \di\, not \L\. 

Another fundamental parameter of these compound telescope forms is the 
axial obstruction ratio Ra- This is given by 



Ra = 



V2 

yi 



f'l 



L 

7 ’ 



(2.58) 



from the geometry of Figs. 2.11 and 2.12. Eqs. (2.57) and (2.58) give the 
simple relationship 



T = 1/Ra (2.59) 

This result essentially explains why the compound (2-mirror) telescope has 
triumphed over the single mirror form and is the standard solution for mod- 
ern astronomy. Historically it was desirable to have a large scale (see § 2.2.6 
below) and therefore a long focal length / . A solution with a large T giving 
reduced length is exactly what is needed. The fact that a large value of T 
gives a small axial obstruction from (2.59) is a marvellous added attraction. 
Of course, we have said nothing about the difficulties of manufacture and test 
which, as we shall see in Chap. 5 and in RTO II, Chap. I and 3, have been 
formidable. 

Formally, from (2.57) and (2.59), there is no difference between the Gre- 
gory and Cassegrain solutions. However, there is a further parameter to be 
introduced which makes the Cassegrain solution much superior for normal 
purposes, i.e. where a real primary image is of no consequence. The notable 
exception is the Gregory form for solar telescopes, in which the intense heat 
of the bulk of the solar image can be absorbed at the real prime focus. The 
parameter favouring the Cassegrain form is the position of the final image 
l 2 - For a fixed, convenient position behind the primary and a given value of 
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Ra, the Cassegrain allows a larger relative aperture U 2 or a shorter value of 
/ because L is shorter. This is evident from Figs. 2.11 and 2.12 but will be 
proven by the formulae below. 

Applying (2.34) and (2.35) to the secondary, we have 



1 1 1 

— H ~ ~F ' 

^2 J2 


(2.60) 


giving with L = $2 




^ _ 1 


(2.61) 


«2 /2 


From (2.55) and (2.57) 




1 

II 

II 


(2.62) 


Now from (2.58) and (2.61) we have with L = S2 




, / _ f2L 

^2 ^AJi j./ ) 


(2.63) 


giving 




/ RaL/, 

L + Ra/[ 


(2.64) 


The image position is defined by the parameter 6, where 




b = L + f[-s2 = L + f[{l-RA), 


(2.65) 



from (2.63). 

The relative aperture of the emergent beam is defined by U 2 from Figs. 
2.11 and 2.12 as 



u 



2 



L 



RaUi 

L 



( 2 . 66 ) 



from (2.58). Eq. (2.66) is the relationship which proves the advantage of the 
Cassegrain form over the Gregorian. If yi and Ra are predefined, then the 
angle U 2 depends only on L. Now L is given for a predefined image position 
b from (2.65) as 



L = b-f[{l-RA), (2.67) 

in which is negative in both cases and Ra is, from (2.58), positive in 
the Cassegrain form and negative in the Gregory form. Since L is a positive 
quantity in both cases, it is always larger in the Gregory form for a given 
Ra- Therefore, U 2 must be smaller for the Gregory form from (2.66) unless 
|i?^| is zero, a limit case of no practical significance. Typically |i?^| = |. If 
6 = 0, Eq. (2.67) shows that L is twice as large for the Gregory form. T is 
the same in both cases, so |/ | is twice as large for the Gregory form from 
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(2.57). From (2.55) m 2 is also twice as large, making the solution technically 
more extreme and sensitive. But, above all, the “speed” of the telescope in 
the photographic sense is reduced to a quarter by the halving of U 2 in (2.66). 
In other words, the Light Transmission Power defined in Eq. (2.47) is much 
higher in the Cassegrain case for given values of Ra, T, yi and b. 

Combining (2.66) and (2.67) gives 



RaVi _ RaUi 

f[{l-RA)-b~ f[-S2-b 



(2.68) 



In § 2.2.4 we introduced the basic parameter C, the compression ratio, for 
an afocal telescope, defined from (2.48) by 



C = yilv2 



If either the Gregory or Cassegrain form is made afocal, it becomes a Mersenne 
telescope as discussed in Chap. 1 (see Fig. 1.3). In this case 

C = 1/Ra , (2.69) 

from (2.58). As in the refracting case, the Lagrange Invariant of (2.50) also 
gives 

C = m, (2.70) 



where m is the magnification of the total afocal system. 

We return now to the normal case with a real image. So far, the parameter 
di has hardly appeared in our paraxial relationships. It is nevertheless an 
important parameter, defined by 



S2 = fi~ di 
From (2.58) we have 

^ Vi f m2f'i 



_£2 _ rri2di 

~ f'l ~ f'l ~ f 



relations of great importance in the aberration theory of Chap. 3. 
Further useful relations are 



= L = 



/2S2 



£' ’ 

■S2 - /2 

from (2.61), and 
/ 

di = b — S 2 = b — L 
Also, from (2.71) and (2.72) 

L = m2S2 =m2{fi~di) =/ - m2di 
From (2.54) 

/1/2 



/ 



(2.71) 



(2.72) 



(2.73) 



(2.74) 



(2.75) 



f'l- f' 2 - di 



(2.76) 
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Eliminating / from (2.75) and (2.76): 



r /2(/l - dl) 

f'l- f' 2 - di 


(2.77) 


Transposing (2.72): 




II 


(2.78) 


Eliminating 32 and from (2.71), (2.72) and (2.76): 




/ =L-di + ^ 


(2.79) 



/2 



Eliminating L from (2.74) and (2.79) gives 



/ _ di{h - di) 
f -b + 2di 



(2.80) 



We now introduce a further important constructional parameter P in 
Figs. 2.11 and 2.12, representing the distance between the primary and sec- 
ondary images. This is a positive quantity in both the Gregory and Cassegrain 
forms and is defined by 

P = L - S2 ^b- = b - S2 - di , (2.81) 



from (2.71). Now we can write, using (2.55) 
fL-S2\_ P _ P 

(^- 1 ) m 2 -l 

Transposing (2.63) gives 

/2 +1^ = L = 171232 , 



(2.82) 



(2.83) 



from (2.55). Combining (2.83) with (2.82) gives finally with L/s 2 = 1712 



f2=P 



iri2 

(m 2 -t- l)(m2 - 1) 




(2.84) 



This is probably the most useful of all the paraxial formulae for Gregory and 
Cassegrain telescopes, for the following reason. In setting up the telescope 
design parameters it is normal to start with the diameter Di and the f/no 
of the primary, thereby defining f^. Also, the position of the final image I 2 
behind the primary is defined by technical considerations. This defines P. 
Usually a final f/no for the emergent beam is envisaged, which defines m 2 
from (2.55). Then Eq. (2.84) gives /2 = ^ 2 / 2 . The fundamental parameter 
remaining, which is dependent, is Ra- From (2.58) and (2.82), we have 



32 _ P _ P _ m2P 
f'l fi{m2-l) f - f'l /'(m2-l) 



(2.85) 
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These forms are useful, but a clearer indication of the driving parameters is 
given by substituting for P from (2.81) to give 



Ra = 



b-fi 



b-1 



/{(m 2 -l) TO 2-1 



where 



b=Y =y + (l-RA), 



(2.86) 



(2.87) 



from (2.65). 

Equation (2.86) makes it clear what must be changed if Ra is too high 
(assuming b ^ |/i|)- ui 2 must he increased. So either / must be increased 
or reduced. If the latter is preferred, to maintain the Light Transmission 
Power, the primary will be steeper and more difficult to make, but T will 
be increased giving a more compact solution. The denominator of (2.86) 
reveals the superiority of the Cassegrain form again since it is larger, m .2 
being negative in the Cassegrain form, if |m 2 | is the same for Gregory and 
Cassegrain solutions. 

If /2 and P are given parameters, Eq. (2.84) gives for m 2 : 



m 2 





\ f 


1/2 


1 + 






V 2 IP 



(2.88) 



Finally, there are useful relations linking f 2 ,L and m 2 . From (2.55) and 
(2.81) we have 



P = L-s2 =L - — 

m 2 




Substitution in (2.84) gives the simple relation 

L ( m 2 \ 

J2 — rq" — ■®2 — I , 

m 2 + 1 \ m 2 + 1 / 



(2.89) 



(2.90) 



from (2.55), a result which is also given directly by the reflection equation 
(2.35). We shall see in Chap. 3 that this is one of the most important paraxial 
relations in the aberration theory of 2-mirror telescopes. 

The position of the entrance pupil has no influence on the Gaussian pa- 
rameters of these telescope systems, but it does affect the diameters of the 
mirrors required. Conventionally, the entrance pupil is placed at the primary 
for the simple reason that the primary is the most difficult and expensive 
element in the system and is most efficiently used in this way. In this case, 
a supplement in diameter at the secondary is required if vignetting in the 
field is to be avoided. For the axial beam at the secondary, we have from 
(2.72) 
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2/2=t/i4 =2/1—^, (2.91) 

J ^ 2/1 

while, for the field, the supplement (t/pr )2 given by 

ijjpr)2 — — (ttpr)ldl (2.92) 

is required, for an object at infinity. The total diameter {Dtot )2 is then 
given by 



{Dtot)2 = 2 



V2 



(?/pr)2 



= (Dax)2 + 2 (Mpr)ldl 



(2.93) 



The position of the exit pupil in the normal case of entrance pupil at the 
primary is determined by tracing a paraxial ray from the primary to the 
secondary. If this is turned round and the ray traced from left to right in the 
normal way, Eq. (2.35) gives 



fs'i (^2)g(s2)g _ (^^2)g(-|di|) 

^ ^ ‘^{ 32 ) E — {t2) E — 2|dl| — (r2)£; 



(2.94) 



in which {s 2 )e is the exit pupil distance from the secondary, (s 2 )_e the en- 
trance pupil distance and {t 2 )e the radins of curvature of the secondary in 
the reversed ray trace. Now {r 2 )E is positive in the Cassegrain form (Fig. 2.13) 
and {s 2 )e is negative, i.e. — |di|- Therefore, in the Cassegrain form, {s 2 )e is 
always positive, i.e. the exit pupil always lies behind the secondary, somewhat 
nearer than the prime focus 0. In the Gregory form, {s 2 )e is always 

negative, so the exit pupil lies in front of the secondary, again somewhat 
nearer than the prime focus if 6 > 0. 

In spite of the advantages of efficient use of the primary in the conventional 
choice of the entrance pupil E at Mi , the increasing importance of infra-red 
observation in astronomy often forces the decision to place the aperture stop 
of the telescope at the secondary. Since there is no subsequent element with 




Fig. 2.13. Exit pupil position E in the Cassegrain form with 
the entrance pupil E at the primary 
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optical power, the secondary then becomes the exit pupil E . The paraxial 
image of the secondary in the primary is then the entrance pupil E. Tracing 
from E at M 2 to M\ gives from Fig. 2.14 



/ G ^ {ri)E{si)E ^ (?^i)g(-|di|) 

^ ‘2{s^)E-{r^)E -2\d^\-{r^)E 



(2.95) 



Now {ri)E and (si)^; are both negative. In the Cassegrain form |(ri)£;| > 
2|di|, so the denominator is always positive, as is also the numerator. There- 
fore, (s 2 )b is always positive, giving a virtual entrance pupil to the right of 
the primary. With the geometry of Case 3 in Table 3.3 (Chap. 3), the distance 
MiE is +3.44|/i|. In the Gregory form 2|di| > |(ri)£;|, so that the denomina- 
tor of (2.95) is always negative, the numerator always positive. The entrance 
pupil E is therefore real and in front of the primary. With the geometry of 
Case 7 of Table 3.3, MiE = — 5.44|/]^ |. In both Cassegrain and Gregory forms, 
a supplement will have to be added to the diameter of Mi if vignetting of the 
field is to be avoided. The supplement is 2\{ypr)i\ where {ypr)i is given by 



{Upr'}! — UprMiE 



(2.96) 



The reader is reminded of the remarks in § 2.2.3 concerning the means of 
fixing the aperture stop in an optical system. If, in a telescope laid out to 
have its stop at the primary without vignetting at the secondary, a stop is 
laid over the secondary such that the axial beam at the primary is reduced to 
the extent required to accommodate the required field surplus according to 
(2.96) with its actual diameter, then the exit pupil is at the secondary and no 
vignetting takes place. This conversion process represents an elegant solution 
to the problem of switching between the aperture stop at the primary and the 
secondary. However, the diaphragm over the secondary has to be designed to 
give an acceptable level of IR emissivity. 

In Tables 2.1 and 2.2 above, we gave a list of the paraxial ray trace quan- 
tities to indicate the signs for use in the Gregory and Cassegrain forms in the 
numerous relations derived. These relations also include some derived quan- 
tities. Since correct use of the signs is essential, these are given in Table 2.3. 




Fig. 2.14. Entrance pupil position E in the Cassegrain form 
with the exit pupil E at the secondary 
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Table 2.3. Signs of derived quantities from the paraxial ray 
trace for the Gregory and Cassegrain forms 



* Sign 


Gregory form 


Cassegrain form 


inver- 


Positive 


Negative 


Positive 


Negative 


sion 


quantities 


quantities 


quantities 


quantities 




L 




L 




* 


7712 






m 2 


* 




T 


T 




* 




Ra 


Ra 




* 




C 


C 






P 




P 





An important limit case remains to be considered. If, in Eq. (2.84), m 2 be- 
comes either -hi or —1, the denominator becomes zero. The case m 2 = -h 1 
corresponds to a real limit case of the Gregory telescope in which the sec- 
ondary has its centre of curvature at the primary image 1^ in Fig. 2.11. The 
final image is then returned to and P = 0, so that /2 is indeterminate 
from (2.84). In fact, it would be equal to S 2 / 2 . The case is of no practical 
interest since it represents an autocollimator returning the incident parallel 
beam into space. 

The case m 2 = —1, on the other hand, has considerable practical interest 
as the limit case of a Cassegrain telescope in which the secondary has zero 
power and becomes a plane mirror (Fig. 2.15). Since P is real and positive, 
the numerator of (2.84) remains finite and /2 = 00 . For this limit case, we 
can write, using ~ to denote the plane mirror solution, 

/ = -A , (2.97) 

and from (2.58) 

L = -RaK , (2.98) 

giving correctly /2 = 00 from (2.64). Now, from (2.65) 




Fig. 2.15. Limit case of a Cassegrain telescope with a plane 
secondary mirror 
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L = b-f[{l-RA) 

Eliminating L from (2.98) and (2.99) gives 



Ra = 




(2.99) 



( 2 . 100 ) 



If 6 > 0, then Ra > 0.5. With 6 = 0, Ra = 0.5. 

The folding flat reflector thus has a very high axial obstruction ratio Ra, 
whereby at least a quarter of the light is obstructed at centre field. If 6 = 0, 
the telephoto effect T is still 2 from (2.59), even though the secondary has 
no optical power. This therefore gives a major reduction in length compared 
with a simple prime focus. For this reason the solution has been used in 
special cases such as the astrometric reflector at the U.S. Naval Observatory, 
where image stability considerations ruled out a powered secondary because 
of possible image variations from decentering (see Chap. 3). 



2.2.6 The scale of astronomical telescopes and the magnification 
in afocal nse of compound telescopes 



As the equivalent of a large-scale photographic objective, the modern astro- 
nomical telescope is essentially defined by its free diameter D, its effective 
focal length / and its semi-angular field Upr in object space. The parameter 
magnification of a conventional refractor using an ocular in the afocal mode 
is replaced by the scale of the telescope image. The scale is usually expressed, 
because of the traditional use of arcsec as the angular measure of fine struc- 
tures, in arcsec/mm or its inverse function mm/arcsec. From Eq. (2.31) we 
have 



Upr = ^ rad = 206 265^ arcsec 



( 2 . 101 ) 



for an object at infinity with Up = Upr- Setting rj = 1 mm gives the scale S 
as 



^ 206 265 

b = -T 77 r arcsec/mm 

/ (mm) 



( 2 . 102 ) 



and the inverse scale S as 



/' (mm) 
206 265 



mm/arcsec 



(2.103) 



As a typical example of practical values, the ESO New Technology Tele- 
scope has D — 3500 mm and an f/11 focus, giving / = 38500 mm. Then 
S = 5.36 arcsec/mm and S = 0.187 mm/arcsec. 

The f/no, denoted by N for the final image of a compound telescope and 
A^i for the primary image, is given by 
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2yi 



1 

2u2 



= 7712-^1 =fn2~ 

4yi 



(2.104) 



According to our sign convention, N is negative for a Gregory telescope and 
positive for a Cassegrain. N\ is a negative quantity. See Tables 2.1 and 2.2. 

In §2.2.5 above, the use of Gregory or Cassegrain systems in the afocal 
(Mersenne) form (Fig. 1.3) was mentioned. Such systems obey the same mag- 
nification laws as the conventional afocal refractor, given in § 2.2.4, whereby 
the compression ratio C is equal to the angular magnification m from Eq. 
(2.45). The principal use of such afocal forms is as a supplementary feeder 
system equivalent to afocal supplementary lens systems placed before an ob- 
jective in photography. These increase the effective focal length. If the mag- 
nification of the afocal system \s m = C from (2.45), then the emergent field 
angle = mupr and the objective forms an image of height mr] instead 
of r] . Now from (2.101) mr] = muprf , so for the real object field Upr the 
effective focal length has become m/ . In the astronomical telescope afocal 
feed system, the purpose may also be to increase the effective aperture of 
the system being fed. A limitation of such afocal Gregory or Cassegrain feed 
systems is the unfavourable exit pupil position near the secondary combined 
with the field angle magnification. 

For amateur use on a small scale, a conventional positive ocular may be 
used to observe the real image of the reflecting telescope. This will again 
follow the laws of the afocal refractor. Since the exit pupil of the Gregory or 
Cassegrain reflector is near the secondary, the ocular is working under similar 
conditions to those of a refractor of modest focal length. 



2.2.7 “Wide-field” telescopes and multi-element forms 

In this chapter, we have considered only the basic forms of telescope, all 
invented in the seventeenth century. Later forms with more elements and 
“wide field” forms also have design aspects requiring Gaussian optics. Above 
all, the theory of pupils is essential. From § 2.2.5, it is clear that there is 
already a major complication in the general Gaussian properties in advancing 
from one powered element to two separated powered elements. More complex 
forms are best treated by tracing a paraxial aperture ray and a paraxial 
principal ray through the system and deriving from these general formulae on 
the basis of aberration theory. (Alternatively, recursion formulae are given in 
§ 3. 6. 5. 2 which enable the determination of the paraxial parameters required 
for any number of centered reflecting surfaces). This is the subject of Chap. 3. 



3 Aberration theory of telescopes 



3.1 Definition of the third order approximation 

The limits of the theory of Gaussian optics were defined in Chap. 2 by the 
expansions of Eqs. (2.13) and (2.14): 

Q 

z = -y^ + aiy^ +a 2 V^ ■ ■ ■ 




All terms above the first were neglected. Snell’s law of refraction reduces to 
a linear law in the Gaussian region. This gives, then, the theory of centered 
systems to the first order. If the next term is considered, we have third or- 
der theory. This is concerned with the lowest order terms which affect the 
quality of the image, whereas Gaussian optics is only concerned with its po- 
sition and size. The aberrations affecting image quality are generally most 
important in the third order approximation, so the aberration theory of tele- 
scopes is mainly concerned with this approximation. The theory of higher 
order aberrations is extremely complex. It has not played any appreciable 
role in telescope development, since the exact total effect of all orders can be 
easily calculated by ray tracing using modern computers. But this in no way 
reduces the value of third order theory which remains essential for a correct 
understanding of the properties of different telescope forms. 

In Eq. (2.13), the polynomial defines the form either of a refracting or 
reflecting surface, or of a wavefront defining the quality of an axial image 
point. We saw in §2.2.2 (Eig. 2.3) that a perfect image point is associated 
with a perfectly spherical wavefront. Aberration theory is concerned with 
phase errors from this perfect spherical form which fall within the third order 
region. The rays are the normals to the wavefront, as shown in Fig. 3.1. 

W — AA' is the wavefront (phase) aberration of the ray ABC passing, 
if W' = 0, through the image point I o' on the principal ray E'OIq ■ The ray 
actually cuts the principal ray at B and the image plane at C. Its longitudinal 
aberration is Bio ^-nd its lateral aberration CIo . All three forms have their 
uses but W is, physically, the most meaningful. The lateral aberration is 
related to the angular aberration Su'p. Interpreted, using the magnification 
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laws, in object space, this is particularly important in telescope systems. We 
shall give conversion formulae between W and Su'p. 

Let us consider now the precise forms that Eq. (2.13) assumes for the 
sphere with circular section and for other conic sections, all with axial sym- 
metry. Let the 2 :-axis define the direction of axial symmetry and the ordinate 
y the height in the principal section. 

The equation of a circle referred to its pole is 



z — r — r 




Expanding this: 

1 1 y® 

z = — + ^ — + 

2r 8 16 r® 



or 



c 2 

zsph — 2 2 / 




16‘ 



(3.1) 



(3.2) 

(3.3) 



with c = 1/r. For a spherical surface, therefore, the constants of its section 
Oi and 02 in (2.13) are: 



oi = c®/8 (third order term) 



02 = c®/16 (fifth order term) 



The first (Gaussian) term gives the equation of a parabola, but the nature of 
the conic section is only defined by the second term. If it is zero, the surface 
section really is a parabola with vertex curvature c. 

For an ellipse, the equivalent equation to (3.1) is 



z = a — a 




1/2 



(3.4) 



where o and b are the semi-axes. The expansion gives 



^=2'- 



/ON n l/0\2y'^ 1/ON 

+8y o+iey 



,3y6 



(3.5) 
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Now it can easily be shown that the vertex curvature is 



a 



1 



a(l — £^) ’ 
where e is the eccentricity. Then 



(3.6) 



Co C 4 C 



y 



(3.7) 



A hyperbola gives the same result except for alternating negative signs: 



ZHyp ~ 2^ 



Considering now the three equations (3.3), (3.7) and (3.8) and following 
Schwarzschild [3.1], they can all be written from (3.6) in the form: 

or, introducing the Schwarzschild (conic) constant hs [3.1] as 

6., = -e^ 



(3.9) 



(3.10) 



^ + ^(1 + hs)y^ + + ■■■ (3-11) 

To the third order (second term), all surfaces have conic sections, uniquely 
defined by hg as follows: 

6s = 0, £ = 0, circle (sphere) 

6s = —1, £ = 1, parabola 

— 1 < 6s < 0, 0 < £ < 1, ellipse 

6s < —1, £ > 1, hyperbola 

A further case is of interest, as it can be useful in optical systems: 

6s > 0, £ imaginary, oblate spheroid (minor axis of an ellipse) (3.13) 



(3.12) 



The formulation of Eqs. (3.11) and (3.12) is the essential basis of aberration 
theory for telescopes. 



3.2 Characteristic Function 

and Seidel (3rd order) aberrations: 
aberration theory of basic telescope forms 

3.2.1 The Characteristic Function of Hamilton 

In 1833, Hamilton [3.2] published one of the most profound and elegant anal- 
yses in the history of geometrical optics: the Characteristic Function. Based 
solely on the property of symmetry of a centered optical system about its 
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axis, he deduced the general form of the aberration function in terms of 
three fundamental parameters: the aperture radius (p) (normalized to 1 at 
the edge), the field radius (cr) (normalized to 1 at the edge), and the az- 
imuth angle of the plane containing the ray and principal ray in the image 
forming wavefront. Following Hopkins [ 3 . 3 ], we will define these normalized 
parameters as 



p, (T and (p, 

the dashes of and p' , denoting the image space, being omitted for sim- 
plicity. Hamilton showed that, because of symmetry, these parameters can 
only appear in the general aberration function in the forms 

P^, (T^, p (T coscp 

The aberration function must take the form, expressed as wavefront aberra- 
tion: 

W{a,p,(f>) = 0^00 + (o^2oP^ + 1 fell ap cos (() -l- 2^00'^^) 

+ (0^40/5"^+ iksicrp^ cosp + 2^220-^P^ cos^ (() ( 3 - 14 ) 

+ 2^200"^ T afciicr^p cos 0 -b 4 fcQgf 7 ^) -f . . . 

It is easily shown that some of these terms must be zero because of the 
definitions of Gaussian optics. All terms 2^:000"^, 4fcooO''^ . . . are zero; also the 
constant term okoo must be zero with the normal definition of the wavefront. 
The first terms that remain are then 

W{a,p,(j)) ^ ok2op'^ ikiiapcos 4 >-\- ok^op'^ ik^iap^ cos(j) (3 15 ) 

+2^220"^^^ COS^ (j) + 2k20O-^P^ + zkuCT^ P COS (j) + . . . 

This can be expressed as the general function 

W{<T,p,(p) = , ( 3 . 16 ) 

in which I, m are even positive integers or zero, and n is any positive integer 
or zero. However, the terms with 

m = n = 0 

I = n = 0 and m = 2 
I = m = 0 and n = 1 



are excluded if the Gaussian conditions are defined as zero. In telescope optics, 
this is not, in general, the case for the latter two of these conditions. 

The type of aberration depends on the functions of p and cos p, whereas 
the function of a shows how the effect varies in the field. 

Table 3.1 shows the first, third and fifth order aberrations of this general 
function. 
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Table 3.1. Aberration types from the Characteristic Function 



m 


n = 0 


n = 1 


n = 2 


n = 3 


Order 


0 




ifciicrp costp 






First: 


2 










Nh = 1 
{1 + m 
+2n = 2) 


0 




skwa^ p cos (j) 


2k22Cr^ p^ COS^ <f) 




Third: 


2 




ifesiup® cosf 






Nh = S 


4 


okiop'^ 








{1 + m 
+2n = 4) 


0 




f,k\\a^ p cos (j) 


4k220-^P^ COS^ (j) 


skzsa^p^ cos® (j> 


Fifth: 


2 


4k2oa*p'^ 


cos(f) 


2k42Cr^P* cos^ (p 




Nh = 5 


4 


2k4o<r'^p‘^ 


1^51 up® COS(j) 






{1 + m 


6 


okeoP^ 








+2n — 6) 



Each aberration type, defined by a column with a given value of n, represents 
an infinite series in ascending powers of p. The order of an aberration term 
is defined from Eq. (3.16) as 

Nh = (Sum of powers of a and p) — 1 (3-17) 

The two aberrations in the first group are first order aberrations, i.e. er- 
rors in the region of Gaussian optics. The term iknapcoscj) denotes a lateral 
shift of each image point from its nominal Gaussian position, the error being 
proportional to the nominal image height, i.e. a scaling error. In wavefront 
terms, this error is of great practical importance in telescope optics as it rep- 
resents pointing, tracking or guiding error. It is best understood as a tilt of 
the imaging wavefront by a shift of its centre of curvature from the nominal 
position. The other Gaussian term ok 2 oP^ is also of great practical importance 
as it represents defocus from the correct nominal image plane. Defocus there- 
fore gives a parabolic departure from the perfect reference sphere, which, in 
the Gaussian region, simply means a change of radius of the wavefront. This 
Gaussian concept of defocus can, of course, be extended at once to cover all 
orders from Eq. (3.11), as a change of radius of a spherical wavefront. 

The five aberrations in the second group are the monochromatic third 
order aberrations or Seidel aberrations [3.4] and are, with the first order effects 
above, the dominant errors of telescope images and optical systems in general. 

The column with n = 0 represents a family with no dependence on so 
the effect is symmetrical to the axis. The terms 

okiop'^, okeoP^, ■■■ 
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represent spherical aberration, a symmetrical fourth power phase error of the 
wavefront in the third order case. The term 

2k2o(r‘^P^ 

is a defocus error which also depends on the square of the field: it is therefore 
field curvature. 

The column with n = 1 has two third order terms. The term \ k^\ap^ cos 4> 
is one of the most important in practical telescope optics: third order coma. 
The other term skucr^ p cos (f> has the same aperture function m + n — 1, 
71 = 1 as the equivalent first order (tilt) term and is therefore also a lateral 
shift of the image from its nominal position. But it is no longer simply an 
error of scale since it varies with the cube of the field size. It is the aberration 
known as distortion. Distortion does not reduce the quality of a point image, 
but displaces it from its nominal position in a non-linear manner. In most 
basic telescope systems, distortion is small and of little significance. However, 
as soon as field correctors or other elements are introduced fairly near the 
image, distortion can become important. 

The last third order term is in the column with n = 2. This is 2 k 220 '‘^p‘^cos^(f) 
and represents astigmatism, again extremely important in practical telescope 
optics. 

The fifth order terms can be interpreted in a similar way as higher order 
effects, combining the basic types of aberration. The column n — 0 gives all 
axisymmetric combinations of spherical aberration and held curvature. The 
nomenclature of the other columns is somewhat arbitrary. There is general 
agreement that the columns with even values of n are “astigmatic” types, in 
combination with various orders of spherical aberration and held curvature. 
For example, 2 k 42 ’^^ cos^ <j) is normal hfth order astigmatism. 

Some authors also call the types with odd values of n greater than 1 
astigmatic. Personally, I prefer the term “comatic” for all odd values of n. 
Certainly, n = 1 is a comatic family, the term ik^iap^ cos (f being normal hfth 
order coma. But sk^ia^p^ cos (f is also a form of hfth order coma, sfencr^pcos (f 
is hfth order distortion. The hfth order term with n = 3, sk^^a^p^ cos^ (f, is 
also a term with considerable importance in practical telescope optics, as we 
shall see in later chapters. We shall call it “triangular coma”. 

The held dependence in the aberrations, the power of a, is of no con- 
sequence for the degrading effect on the image. Nevertheless, it is of great 
importance in telescope optics to know that, for third order aberrations, 
spherical aberration is independent of the held, coma linearly dependent, 
astigmatism dependent on the square, and distortion on the cube. 

We shall return to these formulations later in connection with telescope 
testing and active control of telescope optics. It will also be necessary to 
compare the properties of the above Hamilton formulation with those of 
Zernike polynomials and “natural modes” . But optical design procedures are 
still largely based on the classical Hamilton/ Seidel formulation which has 
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many virtues of simplicity and clear physical interpretation. For this reason 
we shall use it in the treatment of telescope systems in this chapter. 

3.2.2 The Seidel approximation: 

third order aberration coefficients 

The Hamilton formulation of Table 3.1 is of little direct use in optical design 
because the coefficients k are not known in terms of the constructional param- 
eters of the optical system. This was the problem first solved by Seidel [3.4], 
and possibly, to some extent, earlier by Petzval.^ An excellent summary is 
given by Bahner [3.5] which we take over here in an expanded form. However, 
the reader familiar with Bahner’s admirable book should note that there are 
differences of sign arising from our use of the strict Cartesian sign convention 
of Welford [3.6]. The formulation is instructive, and nothing reveals better 
how a telescope form achieves its correction, and what its limitations are, 
than an analysis of the third order aberrations. However, such calculations 
are rarely performed by hand in an age when powerful optical design pro- 
grams, often working with PC’s, can calculate these aberrations reliably and 

^ The extent to which Petzval possessed a practical version of third order theory, 
as so admirably formulated by Seidel, has been hotly debated for over a hundred 
years, even before Petzval’s death in 1891. His first, and only seriously scientific 
paper in 1843 [3.151], reveals a clear understanding of the Hamilton (Charac- 
teristic Function) basis, almost certainly independently developed, but gives no 
explicit formulae. Subsequent publications of Petzval are semi-popular and sci- 
entifically trivial in comparison. The best classical historical analysis of Petzval’s 
work was given by von Rohr in 1899 [3.152]. He points out the excellent quality 
of Petzval’s famous portrait objective, including balance of higher order spherical 
aberration at the remarkable relative aperture for that time of //3.4. He also 
states that Petzval did not use, or indeed believe in, iterative trigonometrical ray 
tracing, although this had been first published in complete form in 1778 in the 
(then) well-known book by Kliigel [3.153]. This is an astonishing and important 
piece of information: for if Petzval used no ray tracing, the only way he could 
have calculated such an excellent objective would have been by calculation of 
the aberration coefficients to the third order and, at least for spherical aberra- 
tion, probably to the fifth order as well! Without explicit formulae such as those 
of Seidel, this would have been impossible. But von Rohr confirms the general 
view that Petzval never published such formulae or his means of deriving them, 
a tragedy for his historical reputation. 

New light has recently been thrown on the subject through the admirable 
thesis of Rakich (see §3. 6. 5.1 and §3. 7. 2. 4). Rakich quotes a paper given in 
1900 [3.164] by the notable designer of photographic objectives, H.L. Aldis, which 
has remained unmentioned in the classical literature. Aldis gives equations for 
third order aberrations which he attributes directly to Petzval, without any men- 
tion of Seidel! However, he gives no reference to written work by Petzval, nor 
to any meeting with him with verbal information - Petzval had died nine years 
earlier in Vienna. After further study, I hope to publish an analysis of this Aldis 
paper, regarding Petzval’s work, soon. 
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effortlessly. As in all calculations in geometrical optics, great care with the 
sign convention is always required. 

A basic aspect of third order calculations must be emphasized from the 
start: the linear superposition of the effects of successive surfaces in the optical 
system. In other words, the Seidel surface coefficients {Sq)^, are calculated 
from the formulae below to give by algebraic addition the Seidel sum for 
each aberration: 

= (3.18) 

1/ 

where ^ Sq is the total aberration for one of the five monochromatic Seidel 
aberrations and {Sq)i, the contribution of surface v. 

Because the physical interpretation is the most direct, and because wave- 
front aberration (in general, not just for third order) can be added up al- 
gebraically through an optical system, we have given the formulation of the 
Characteristic Function above in terms of wavefront aberration. In telescope 
optics, both wavefront and lateral (angular) aberration (see Fig. 3.1) are es- 
sential: we shall constantly be making use of both systems and switching from 
one to the other. It is useful first to consider the wavefront formulation of the 
Seidel contributions. The derivation may be found in the works of Hopkins 
[3.3] and Welford [3.6]. The coefficients Sj, Su, . . . correspond to the third 
order constants o^ 40 i 1 ^ 31 ; ... of the Characteristic Function of Table 3.1. 
They are expressed in terms of the following paraxial parameters deduced 
from paraxial ray traces at each surface v through the system: 



y^: the paraxial ray height (often, but not necessarily, set equal to 

the actual marginal ray height of the beam) 

Aj^: the Snell Invariant for the paraxial ray 

A^: n^ipru = the Snell Invariant for the paraxial principal ray 

(^~n) ’ so-called “aplanatic” parameter 
UvUi,rii, — n^u^r]^, the Lagrange Invariant 

{Pc)v' Cy (^ ~ Petzval sum of surface v, where Cv 

is the curvature I/rj^ of the surface 

T,j: — n^)bs^y^, the influence of the aspheric form defined by 

the Schwarzschild constant 

(HE)^: defining the effect of the pupil position relative to surface i/. 

Then the wavefront aberration 

W' =f {a, p A) 

can be expressed in terms of the five Seidel coefficients defined by: 



(3.19) 
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—spherical aberration 
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—field curvature 


Sv 


= - EA{h^Pc + a\a{^))' 
+ EAHE)^r 


—distortion 



(3.20) 



This formulation will enable us to transform Eq. (3.19) into an explicit 
form (Eq. (3.21) giving the corresponding coefficients of the Characteristic 
Function by tracing a paraxial ray and a paraxial principal ray through the 
system) . Only in specific, simple cases is it feasible to express the Seidel coef- 
ficients in terms of the basic constructional parameters of the system, rather 
than the ray-trace derived parameters used in Eq. (3.20). Reflecting tele- 
scopes consisting of one or two mirrors are a case where explicit formulation 
is feasible. 

The formulation of the Seidel coefficients of Eqs. (3.20) and the definition 
of the parameters involved given above, are identical with those of Welford 
[3.6]. Conventionally, field curvature S'/y is defined as positive for a thin pos- 
itive (biconvex) lens giving a real image. However, the curved image surface 
is concave to the incident light, i.e. negative in the Cartesian sense. The same 
property will hold for telescope systems with a positive focal length. Because 
of the close interplay between field curvature and astigmatism, we shall re- 
tain the Welford sign convention of S'/y to maintain consistency in the total 
formulation of the aberrations. The sign convention of Eqs. (3.20) is based 
on the consistent principle that the wavefront aberration be positive if the 
coefficients are positive, i.e. a positive phase shift in the direction of the light 
as shown in Fig. 3.1. It is not possible to have a consistent Cartesian regime 
of aberrations in all three systems of aberration definition: wavefront, lateral, 
longitudinal. Of these, priority is given to the wavefront definition since it is 
physically the most meaningful. 



3.2.3 Seidel coefficients of some basic reflecting telescope systems 

The paraxial aperture ray and paraxial principal ray are traced according to 
Eqs. (2.36) to (2.38). Conventionally, the starting values for such ray traces 
are the same values as for the traces of the real rays according to the exact 
formulae [3.6] [3.7], as discussed in § 2.2.3, where it was shown that the linear 
nature of the paraxial equations makes it immaterial for the result what 
starting values are taken. Following Bahner [3.5] and others, we shall therefore 
derive the Seidel coefficients for some normalized telescope systems, in air, 
for which 
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r = ±1 

yi = +1 (object at oo) 

'^prl — “hi 

r]' = ±1 (since rj' = f'upri in air) 

H = n'u'r]' = - 1 



In these examples, the entrance pupil is taken to be at the conventional 
position, the primary mirror. This normalization is practical since it allows 
direct comparison of aberration values for different systems. 

The normalized starting values for the paraxial aperture ray (j/i) and the 
paraxial principal ray (upri) given above correspond to a semi-aperture of 
f/0.5 and a semi-field of 1 radian, values far exceeding those of most real, 
practical systems. The resulting coefficients can easily be converted into the 
real coefficients of given systems by using the aperture and field dependencies 
of the third order aberrations as given by the Characteristic Function of 
Eq. (3.15) and Table 3.1. The conversion of the coefficients of Eq. (3.20) to 
wavefront aberration for third order aberrations is then given from the 
normalized parameters j/mi, ‘Hm to the real parameters yi, rj' by (see [3.3] 
[3.6]): 






ymi 



1 (ii.) (jL 

4 \ymlj \v'm 



(3 Sill + Siv) cos^ I 

(X] Sill + X Siv) sin^ ' 



> (3.21) 



-l(—) (X-)" J:Sv cos ct> 
2 \yml J \I]mJ 



Tables 3.2 and 3.3 give, respectively, the paraxial data and third order 
aberration coefficients for the nine cases shown. The significance of the re- 
sults will be discussed in the next sections in connection with the analytical 
formulations. The values in the tables can be used as a reference for checking 
the correct use of these formulations. Distortion (X Sy) is not given as it is 
normally of little significance, but it can easily be derived from the values 
given and from Eqs. (3.20). 

Equations (3.20) are the fundamental formulae of the aberration theory 
of telescopes. We saw in the definitions of the quantities involved that the 
parameter {HE)y defines the effect of the pupil position relative to the surface 
V, and is determined from the paraxial principal ray trace, giving {ypr)v, and 
the paraxial aperture ray trace, giving y^. This concept leads to an important 
set of equations known as the stop -shift formulae (see [3.3] [3.6]). These define 
the effect of a stop shift, or pupil shift, in any centered optical system. In 
these formulae, X X Sii, etc. are the values for the original stop position 



Table 3.2. Paraxial values for deriving the Seidel coefficients (Table 3.3) for some basic telescope systems 
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Table 3.3. Seidel coefficients for some basic telescope systems. The asterisk denotes the aspheric contribution 
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and Y, si, YSfj, etc. are the values resulting after the stop shift dE. Since, 
from the definitions above Eq. (3.19) 



(HE),, = 




it follows that the factor {HdE)^, is simply 



{dyp 



because is indepen- 



dent of the stop position. The stop-shift formulae are given by: 



Yu si — Yu Si 

YuSii = YuSii + YuiHdE)Si 

Yu sin = Yu Sill + Yu 2{HdE)Sn + YuiHdE)^Si ^ 

Yu siv — Yu Siv 

Yu si = Yu Sv + YuiHdE)(Siv + SSni) 

+ Yu^iHdE)^Sn + Yu(HdE)^Si 



Thus, to third order accuracy, the coma coefficient Y Sn is independent of 
the stop position if the spherical aberration coefficient Y Si is zero; and the 
astigmatism coefficient Y Sin is independent of the stop position if both 
Y Si and Y Sii are zero. These principles are of great significance in un- 
derstanding the effect of different stop positions in various telescope forms 
treated below. 

In telescope optics, the first order aberrations of Table 3.1 are also of 
great practical significance for the reasons given in § 3.2.1 above. It can easily 
be shown [3.3] [3.6] that these can be expressed as wavefront aberrations in 
terms of the lateral and longitudinal focus shifts St]' and Sz of the centre of 
curvature of the image forming wavefront by 

W{iyi,r]') = ) {n' u' Sr]') cos ^ (3.23) 

\ymij \ymij V 2 J 

The normalizing functions of are given again from Eq. (3.15) and Ta- 
ble 3.1. 

These first order aberrations play no part in the formal aberration theory 
of telescopes, which we now develop in detail below, since they are theoreti- 
cally defined as zero. Their significance will be clear in RTO II, Chap. 2 and 
3 where we are concerned with the adjustment and active control of telescope 
optics. 



3.2.4 Analytical (third order) theory for 1-mirror and 2-mirror 
telescopes 

3. 2. 4.1 General definitions. The results of Table 3.3 are derived directly 
from the values of the paraxial ray traces. Before commenting on the results. 
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it is better to develop the general analytical theory of such telescope sys- 
tems, giving the third order aberrations in terms of basic system parameters 
without the need to trace paraxial rays. 

Table 3.3 normalized the system data with 



2/1 = - 1 - 1 , Upri = +1, /' = ± 1 , n' = ± 1 , H = n'u'r]' = -1 



Bahner [3.5] derives the analytical formulae using this normalization, a prac- 
tice which has frequently been followed and produces a simplification in the 
derivation. However, by omitting the parameters yi and /', defined as 1, 
this simplified formulation is no longer dimensionally correct. It also leads to 
confusion between the parameters 2/2 and L, which have the same numerical 
value with the normalization from Eq. (2.58). Furthermore, if the paraxial re- 
lations of Chap. 2 are applied appropriately, the general (i.e. non-normalized) 
procedure becomes quite reasonable. This is now given, the form of the re- 
lations being similar to that of Bahner, but in generalised form, and with 
sign changes arising from our use of the strict Cartesian sign convention of 
modern optical design. The relations are thus perfectly general if the sign 
convention of Eqs. (2.36) to (2.38) and of Tables 2.1 and 2.2 is rigorously 
followed. 

Equations (3.20) can be re-written in the form 



ESi 
S Sii 
S Sill 
Siv 

Y. Sv 



Y.S^ + Y.S} =-[Y.A^yA{^)]+Y.r ' 

+ Y.{he)s* = E . - s ?/ + E . s*, 

Yu(^)Sn + = Y,y Sjjj + Yu S}ii ’’ 

-Y.H^Pc 

YAi)(.shi - H^Pc) + Y.imshi 



(3.24) 



in which Sj, Sjj, . . . give the contributions due to a spherical surface, S}, 
Sfj, . . . those due to the aspheric form. The quantities A, y and A{^) for Sj 
are derived from the paraxial aperture ray with Eqs. (2.36) to (2.38), while 
the multipliers ^ and HE require A and ?/pr from the paraxial principal ray. 
In Tables 3.2 and 3.3, the entrance pupil was defined for the normal case 
as being at the primary mirror, i.e. Spri = 0 in Eq. (2.36). However, this 
limitation is not acceptable for a general formulation, for which the entrance 
pupil is at Spri from the first surface (primary). If the entrance pupil is to 
the left of the primary (i.e. in front of it), Spri is negative. 

The other quantities required for the evaluation of (3.24) are the aspheric 
parameter r, the Petzval curvature Pc and the Lagrange Invariant H. 

Because practical use of telescopes is almost always confined to objects 
effectively at infinity, we retain this limitation here. However, the informed 
reader may prefer the general recursion formulae given in § 3. 6. 5. 2, below, 
for calculating the aberrations of any system of n mirrors under general 
conditions. 
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3. 2. 4. 2 1-mirror telescopes: single concave primary. The term 

“1-mirror telescopes” implies, of course, a single mirror with optical power 
and covers all folded forms with plane mirrors. 

The paraxial ray trace equations (2.36) to (2.38) give with the definitions 
above Eq. (3.19): 



Ai 




n 

Pci 



1 ^ 

2 f'l ’ 

(Sprl - 2/{) 

2/1 

(■Sprl - 2/{) 
yi 



'ilprl ? 
'liprl 5 




f'l 




Vi 

f'l 



yprl — SprlUprl 

yi 



(3.25) 



If the above quantities are introduced into Eqs. (3.24), we can derive with 
minimal reduction: 

4 



iSi)i = -(l) f(l + &.i) 



{Sii)i = 

{Sill) I = 

{Siv)i = 



yi 

f'J 4L 
2 

yi ' 



2/l ~ Sprl(l + bsl) 



Ilprl 



1 



> (3.26) 



fiJ 4/1 L 

7T 



4/1 (/I - Sprl) + Sprl(l + bsl) 



-iprl 



The dimensions are length throughout, since the coefficients each represent 
a linear wavefront shift in the z-axis direction or along the principal ray. The 
various powers of (yi//l) are the same as the aperture factors in Eq. (3.21). 
Similarly, the various powers of Upri correspond in angular measure to the 
image height factors in (3.21). 

Another important property is that the terms in Spri and in the 
equations for {Su)i and {Siu)i are simply the “stop-shift terms” containing 
corresponding powers of dE in Eq. (3.22), since the “stop shift” from the 
primary is expressed simply by —Spri/yi from (3.25). 

In §3.2.6, we shall discuss the consequences of Eqs. (3.26) for the design 
of 1-mirror telescopes. 



3. 2. 4. 3 2-mirror telescopes. First surface (primary mirror): We can take 
over the results of Eqs. (3.25) directly for the contributions of the primary 
to the total aberration. However, it is usually convenient to normalize to the 
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final focal length /' of the complete 2-mirror system rather than to retain 
the primary focal length f[. From (2.55) f'l — giving 



■Ai 

^1 



n 



_ 1 yi 

2 , 



= ( 1 - 

t 

yi 

1 
4 
1 

Ti 



A 



C-) 

Vn / 1 



= m2 



yi 

r 



rri2Spri 


j ^prl ? 


2/' . 


( ' 


^prl \ 


\m2 


r ) 



Vprl — ^prl^prl 



f ^ ^prl 






= [f ) /' 

m2 

~T 



From (3.26), we have for {Si)\ 

-.3 



{Si)i = /'^(l-h6,i) = (5z)? + (5z)t, 



with 



{Si)\ = - re 
{Si)i = - (l) rc 



if we define, following Bahner [3.5] and others, 



c = c° + c* = 

Then from (3.28) 



m. Too 



■hsi = 



-(1 + bsi) 



{Si)i = - 



fC 



(3.27) 



(3.28) 



(3.29) 



(3.30) 



(3.31) 



If the parameter ( is introduced in the equations for {Su)i and {Siu)i 
in (3.26) and /{ replaced by we deduce at once the set of aberration 
coefficients for the primary as 
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{Si)i 






{Siii)i 



{Siv)i 




^prlC 



Uprl 



777^2 ^pT 1 




> 



U 



2 

prl 




+ H 



2 7712 
/' 



(3.32) 



Second surface (secondary mirror): The analytical expressions resulting 
from the paraxial aperture ray trace become appreciably more complex when 
extended with Eqs. (2.36) to (2.38) to the second surface. This complexity is 
even more marked for the paraxial principal ray. We give here only the basic 
steps in the reduction. The first essential parameters are: 



^2 








/ /(-di-2/' \ 

V 2/' ) 

W)' 



, V2 = 



T 2 = 




U'l-di) 

4 / 2 ^ 



i>s 2 



(3.33) 



The spherical aberration contribution { 81)2 is then calculated from (3.24) as 
a function of the quantities appearing on the right sides of Eqs. (3.33). This 
form can be greatly simplified by introducing from Eq. (2.72) 



f[-di = — 
m 2 

and from Eq. (2.90) 
/2 = ^ 



7772 + 1 



(3.34) 



(3.35) 



The parameter L, the back focal distance from the secondary, is a very con- 
venient parameter for the final expressions, together with the system focal 
length /' and the secondary magnification m 2 - The reduction gives 



(^/)2 = ( 5 /)^ + { SiT 2 

with 



(Sl )°2 

iSl)2 





4 



4 



^ (7772 + 1 )^ 

4 

,(m2 + l)^ 



/ 7772 -1 
\T772 + 1 



bs 2 



2 



(3.36) 

(3.37) 

(3.38) 



Combining these gives 
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yi \ r ("^2 + 1)^ 
4 



7712 — 1 

7712+1 



(3.39) 



By analogy with the definition of above for the primary mirror in Eq. (3.30), 
we now define 



^ = ^° + r = 

giving 



(m2 + 1)^ /m2 - 1\ (m2 + 1) 



m2 + 1 



-bs2 I 






(m2 + 1)3 



m2 — 1 
m2 + 1 



+ h 



s2 



and 






We have, finally 



{Sj)2 = { I ) 



(3.40) 



(3.41) 



(3.42) 



(3.43) 



In order to determine [ 811)2 and [ 8111)2 from Eq. (3.24), we still require 
the parameters and [HE )2 from the paraxial principal ray. Eqs. (2.36) 



to (2.38) give 

_ [spri[di - fi) - difi] 

Upr2 — pf y^prl 



/( 



and 



-J [sprl(/{ -di)+dif[- 2f'[Sprl - /() ] 



(3.44) 



(3.45) 



Now substituting (3.34) and (3.35) in the expression for A 2 in (3.33), this 
reduces to 



A 2 



yi\ f m 2 - 1 



(3.46) 



r/ 

if also f[ is replaced by — from (2.55). Similar substitutions in (3.45) lead 
to 

[spriL[m 2 - 1) + 2/'2 - dif'[m 2 - 1)] 

yl, = 

Then from (3.46) and (3.47), we have finally 



(3.47) 
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2 




di 



2 /' 

L{m2 — 1) 




Upri 



From the definitions above Eq. (3.19), we have 



{HEh = 



Upr2 

V 2 



(3.48) 



(3.49) 



ypr 2 and j /2 are given in Eqs. (3.44) and (3.33) respectively. Substituting again 
from (3.34) and (2.55) for f[, these equations reduce easily to 



{HEh = 




Uprl 



(3.50) 



For the field curvature (S'/y) 2 , we require {Pc) 2 - From the definitions 
above Eq. (3.19), this is simply 



{Pc )2 — + 



1 

I 



m2 + 1 
L 



m2 + 1 
/' - m 2 di 



(3.51) 



from (2.55), (3.34) and (3.35). 

The second equation of (3.24) can now be applied to the calculation of 
the coma contribution { 811)2 using Eqs. (3.42) for { 81)2 and { 81)2 and (3.48) 
and (3.50) for and {HE) 2 - The reduction is made quite simple by the 

fact that the form of the equation (3.48) is the same as (3.50) except for an 
additional term, and that and have a common factor. The result is 



{811)2 




-di^ + y(m: 



1) Sprl 



Uprl 



(3.52) 



in which the components { 811)2 { 811)2 given by 

3 



{Sll)°2 = 



f]e 



' L 2 f 

1 - ^ (m^l)J 



Uprl 



and 



{Sll)*2 




L 



Uprl 



(3.53) 



(3.54) 



These are applied in the third equation of (3.24), combined with (3.48) 
and (3.50) to determine { 8111 ) 2 - This leads to 



{Siii)l 



{Slll)2 




2f 

L{m 2 — 1) 



Uprl 




f 



2 



U 



2 

prl 



(3.55) 

(3.56) 
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The sum of these, giving {Sm) 2 , involves reduction using (3.40) for and 
leading to 








1 ) + 




{m2 + 1) 



Uprl 



1 ) 



(3.57) 



The final surface contribution is (S'/y) 2 , which is given directly by (3.51) 
from (3.24) as 



{Siv )2 = 



= 



m2 + 1 \ 
/' - m2di) 



= 



= 



/ m2 + 1 



m2 - 1 
m2P 



(3.58) 



the last form being derived from Eq. (2.84) and giving the curvature contri- 
bution in terms of P, the separation of the primary and secondary images 
(Figs. 2.11 and 2.12), a parameter frequently pre-defined in a telescope sys- 
tem. 

It remains to determine the total aberrations of the 2-mirror telescope by 
adding the contributions of the first and second surfaces. 

From (3.32) and (3.43), the spherical aberration '^Sj is given by 



= {Sl)l + {Sl)2 




-rc+H 



(3.59) 



The coma ^ Su is given directly from (3.32) and (3.52) as 



Sii = {Su)i + {Sn)2 = 




dii 



t 

2 






Uprl 

(3.60) 



The astigmatism ^ Sm is given from (3.32) and (3.57). If, in the reduction, 
the relation from (3.34) and (2.55) 

f' = L + m2<ii 



is used, then all the terms in m 2 vanish and we have finally 

= {Siii)i 



1 -f- {Slll)2 

2 






(3.61) 



+Sprl ^1 + + i (~/^C + -C'C) 



\ f J 
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For the field curvature '^Sjv, we have from (3.32) and (3.58): 



^Siv 








7712 + 1 \ 

/' - 7772 ^ 1 / 





(3.62) 



If Eqs. (3.59), (3.60) and (3.61) are compared with the stop-shift formulae 
of (3.22), it will be seen that there is exact equivalence, the quantities Si and 
Sii in (3.22) being the normalized quantities {—f'C + L^) and (— — f'/‘2) 
in (3.59) and (3.60) respectively and {HdE) being the normalized stop shift 

(Sprl/f)- 

The form of the above equations (3.32) for the primary mirror and (3.59) 
to (3.62) for a 2-mirror telescope is essentially that given by Bahner [3.5] 
except that the formulae given here are general and not limited to normalized 
parameters as used in Table 3.3. Also, the sign convention differs with our 
use of the general Cartesian system of optical design defined in Tables 2.1, 
2.2 and 2.3. Equations of this sort were first set up by K. Schwarzschild [3.1] 
in his classic paper of 1905, arguably the most fundamental and important 
paper ever written in telescope optics. Schwarzschild’s formulation retained 
parameters equivalent to A and A, so that certain properties were less evident 
than they are in the form given in Eqs. (3.59) to (3.62) above. We shall return 
to this matter in § 3.2.6, where individual solutions arising from the equations 
are considered. 

In § 2. 2. 5. 2 it was pointed out that the initial layout of a 2-mirror telescope 
is usually established with the parameters 

7/1, fi, 7772 (giving /') and P, 



whereby the resulting axial obstruction ratio Ra must also be acceptable. 
The parameters di and L used in Eqs. (3.59) to (3.62) are therefore derived 
parameters resulting from the basic ones. The conversion from d\ and L to 
the basic parameters above, if these are preferred, is easily performed from 
two relations derived from Eq. (2.72): 

L = RAf = RAm2f[ (3.63) 

di= f[{l-RA) = -{1 -Ra) (3.64) 



If P, the distance between the primary and secondary images, is preferred to 
the parameter Ra, the conversion is made from Eq. (2.85): 



Ra = 



7772P 



/' - fi f'{m2 - I) 



(3.65) 
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In Chap. 2, Fig. 2.15, we showed that the limit case with m 2 = —1 has 
practical significance as the folded Cassegrain, the secondary being a flat 
mirror; whereas the equivalent Gregory case with m 2 = +1 is of no practical 
interest, as there is no real image. The same result applies to the 2-mirror 
aberration formulae of Eqs. (3.59) to (3.62). If we set m 2 = —1 for the folded 
Cassegrain, then /' = — /{ and ^ = 0 from (3.41). The 2- mirror formulae 
then reduce to the formulae of Eqs. (3.32) for the primary alone. The folded 
Gregory case with m 2 = -1-1 gives the same result for the virtual image. 

There is, however, a much more important limit case than the folded 
Cassegrain. This is the afocal case, whereby not only the object, but also 
the image is at infinity. Such a telescope is a 2-mirror beam compressor, 
as discussed in § 2.2.4 for conventional visual refractors. In the reflecting 
form as a Cassegrain or Gregory afocal system, it is a Mersenne teleseope 
(Fig. 1.3). We shall see in §3.2.6 that this form has profound significance in 
the theory of 2-mirror telescopes. It is therefore important to express the 
aberration formulae in terms valid for this limit case. Eqs. (3.59) to (3.62) 
are convenient for the normal focal telescope but not for the afocal case 
because the parameters f, L, m 2 , C ^.nd ^ become infinite and the forms 
are indeterminate. We therefore set up equivalent equations using only finite 
parameters such as f{, yi, and di. The parameter m 2 is also used but may 
have no power higher than zero in the numerator. It should be noted that the 
parameter /' in the numerator is automatically replaced by yi if we reduce 
the power n of the generalizing factor (^)" to (^)"~^ and multiply through 
by (^ 7 ). If C and ^ are expanded, /' is replaced by m 2 /{ and 

2/2 = yiRA = Tp- (3.66) 

inserted from (2.58) to eliminate L, then (3.59) can be written as 





(1 -I- bsi) 



V2 / ^2 + 1 ^ ^ / W2 - 1 

4 V / V”^2 + l 




(3.67) 



In the afocal case, m 2 - A - ±00 and the quantities 
both — 1, giving 



(m 2 + l) 



m2 



and 



(m2-l) 

(m2-|-l) 










(3.67a) 



Similarly, the coma given by (3.60) becomes 
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giving for the afocal case 
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Uprl 
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ILprl 



(3.68) 



(3.68a) 



The expression (3.61) for the astigmatism leads, if L is eliminated from 
(2.72) by 

L = m2{f[ - dl) 

to the unwieldy form: 
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(3.69) 



For the afocal case, this simplifies to 

■ (1 + bs2) 



E-5/// 

Afoc 



yldl 



AHfi-di) 

-^Sprl ^^„,3 (1 + hs2) + 



/ SpfX \ 
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(3.69a) 



^prl 



Finally (3.62) for the field curvature becomes, again eliminating L from 
(2.72): 






1 

71 



m2 + 1 
m2 



1 



f'l-di 



(3.70) 



The afocal form is then 
" 1 



E Sjy = 

Afoc 



f'l Kf'i-di 



(3.70a) 



80 



3 Aberration theory of telescopes 



Tables 3.4 to 3.6 give in resume the four third order aberration contribu- 
tions: Table 3.4 for a 1-mirror telescope (Eqs. (3.26)); Table 3.5 for a 2-mirror 
telescope in focal form (Eqs. (3.59) to (3.62)); Table 3.6 for a 2-mirror tele- 
scope in a/omZ form (Eqs. (3.67a) to (3.70a)). 



Table 3.4. Third order aberrations for a 1-mirror telescope (concave primary) 
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Table 3.5. Third order aberrations and associated relations for a 2-mirror telescope 
in focal form 
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Some conversion formulae from Chap. 2 (see Figs. 2.11 and 2.12): 

L = f-m2di = f'RA 
f = rri2f[ 



f'2 = 



m2+l 



P{^) 
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Table 3.6. Third order aberrations and associated relations for a 2-mirror 
telescope in afocal form 
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The conversion formula for y 2 is, from Chap. 2: 
V2 = ViRa = 91 (f 



Before considering the application of the above third order theory to vari- 
ous forms of 2-mirror telescope, we must deal briefly with the effects of higher 
order aberrations and the practical evaluation of systems with ray-trace pro- 
grams. 

3.2.5 Higher order aberrations and system evaluation 

3. 2. 5.1 General definition of aspheric surfaces. In §3.1 we gave the 
general definition of conic sections in terms of the Schwarzschild (conic) con- 
stant bg, as represented by Eq. (3.11). The theory of §3.2.4 above is limited 
to the second term of this equation, known as the third order, or Seidel, ap- 
proximation. With steep apertures or significant field sizes, the third order 
approximation remains of immense value for understanding the basic cor- 
rection potential of a given design, but is no longer adequate to describe 
the final image quality. Furthermore, departures may be necessary from the 
strict conic sections defined by (3.11) in order to compensate higher order 
aberrations. This requires a more general definition of aspheric surfaces. 
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From Eq. (3.4) we had for the general equation of an ellipse 



z = a — a 




1/2 



(3.71) 



The longer semi-axis a can be replaced by the vertex curvature c from (3.6) 
and (3.10): 



a 1 1 

6^ a(l — e^) a{l + bs) 



(3.72) 



From Eq. (3.12), this expression is general for any conic section. If, now, both 
sides of (3.71) are multiplied by 



we have the form 



/ 2 \ 1/2 
a + a(l-$) 

From (3.72) and 

6^ = 0^(1 -f bs) , 



(3.73) 



(3.74) 



this reduces to 



2 = 



cy 



l + [l-(l-f6,)cV]'^' 



(3.75) 



This form still describes a strict conic section and can be expanded into the 
polynomial of Eq. (3.11). If bs = —1, Eq. (3.75) reduces to the parabolic first 
term of (3.11): 



2 = 




(3.76) 



Most optical design programs allow a modification of any desired conic 
section defined by bg in (3.75) by adding aspheric terms of higher orders 
whose coefficients Bg, Cg, Dg can be chosen at will, giving the general 
form: 



2; = 



cy 



1 -I- [1 - (1 + bg)c^y'^] 



1/2 



+ Agy +Bgy +Cgy +Dgy + 



(3.77) 



Frequently, the designer will find it convenient to define the conic section as 
a parabola with bg = —1, so that the supplementary coefficients Ag^ Bg, . . . 
give the supplement to the parabola of (3.76). They can then be compared 
with the coefficients of (3.11) for any other conic defined by bg. For the third 
order and fifth order terms, the comparison gives 
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bs = 




- 1 = 




(3.78) 



If the coefficients Bg,. ■ ■ are referred to the sphere, then, of course, the 
terms -1 in Eq. (3.78) vanish. In this way, it is a simple matter to determine 
the departure of a given snrface from a conic form bg defined by the third 
order coefficient Ag. From (3. 1 1) it is clear that strict conics have only positive 
terms, but it should be borne in mind that both c and (1 + bg) can have 
positive or negative values. Sign reversals of terms compared with Eq. (3.11) 
will imply, if the contributions to z are significant, major departures in the 
higher orders from strict conic sections. 

Another form, used by Laux [3.8(a)], defines the conic parameter as bg by 



bg — -{1 + bg) 

Since, from (3.72) 
1 

a = 



c(l + bg) 
we have from (3.79) 
1 

a = 

2bg 



1 

2bg 



(3.79) 



From (3.71), this gives the general form for a strict conic section as 

1 - (1 - ihgCy^Y''^ 



(3.80) 



(3.81) 



This can be compared with the form of Eq. (3.75). The form (3.81) is singular 
in the case of the parabola. 

It is a matter of individnal preference, but I personally prefer the basic 
form of Eq. (3.11), as derived by Schwarzschild [3.1], and the derived form 
using bg of Eq. (3.75) which leads natnrally to the general aspheric form of 
(3.77). The only weakness of the conventional (Schwarzschild) definition of 
bg is revealed by Eq. (3.11): the actual amount of the aspheric third order 
contribution Az to the sagitta z is given by 



^ 2 : = -^bsU'^ = 



1 

512M' 



sV 



(3.82) 



where .^s = “d = ^ is the apertnre number if the surface is used as a tele- 
scope mirror with an infinite object. Az is therefore proportional to the in- 
verse cube of the aperture number Ng. This means, for a given aperture 
height y, that the aspheric contribution Az for an f/1 parabola with fog = — 1 
is the same as for an f/10 hyperbola with bg = —1000. It is important to bear 
the aperture number of the surface in mind when interpreting the practical 
significance of a given value of bg. 
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3. 2. 5. 2 Higher order aberrations, the Abbe sine condition and 
Eikonals. In §3.2.1, the “orders” of the monochromatic aberrations aris- 
ing out of Hamilton’s Characteristic Function were discussed and the terms 
of the first three orders (first, third and fifth) were given in Table 3.1. The 
number of terms in an order increases quite rapidly as the order increases. 
Ray tracing embraces, by definition, all the orders, within the accuracy given 
by the computer. With modern computers, therefore, the effect of all the 
higher orders is given at once from the difference between ray tracing results 
and third order calculations, the latter being converted to lateral aberrations 
for comparison by the formulae of § 3.3. 

After the formulation by Seidel [3.4] for third order aberrations in 1856, 
there was considerable interest in developing the theory of higher orders, par- 
ticularly to allow the explicit calculation of fifth order effects. Another area of 
intensive research was concerned with formulations for the total optical path 
through an optical system. In 1873, Abbe [3.9] discovered what is perhaps 
the most important relation of this type covering all the orders in aperture 
of coma (but only the third order in the field): the Abbe sine condition. 
Abbe’s work was concerned with imagery in microscopes, but the condition 
had been discovered in another form by Clausius [3.10] in connection with 
energy transfer from thermodynamic considerations. The sine condition for 
freedom from coma is expressed in the normal (focal) case by 



sin U' sin U 

u' u 



(3.83) 



in which U and U' are the aperture ray angles to the axis of finite rays in the 
object and image space respectively and u and u' the paraxial equivalents. 
In the afocal case, the equivalent condition is 



Y' _Y 

y' y 



(3.84) 



in which the aperture ray angles are replaced by the aperture ray heights. For 
the normal telescope case of an object at infinity and a finite image distance, 
the sine condition is simply 



Y 

sin U' 



= const = -/' , 
w 



(3.85) 



from (2.38). 

The Abbe sine condition refers to the so-called linear coma, i.e. the sum 
of all coma terms in Table 3.1 which depend linearly on the field parameter: 



ComaLin =1 ksiap^ cos (p -fi k^iap^ cos p -fi knap~ cost/) -I- 



It is not trivial to prove that Comaum so defined and when set to zero for 
its correction, is the equivalent of the Abbe sine condition of Eq. (3.83). The 
proof is given by Welford [3.6] and includes the derivation of the Staeble- 
Lihotzky condition. This condition expresses the reqnirement for zero linear 
coma in the presence of uncorrected spherical aberration. Only if the latter 
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is zero does the Staeble-Lihotzky condition reduce to the Abbe form of Eq. 
(3.83), which therefore applies only to aplanatic systems corrected for both 
spherical aberration and linear coma. 

Equation (3.83) shows that the concept of principal planes, introduced in 
§ 2.2.1 (Fig. 2.1) in the treatment of Gaussian optics for the paraxial domain, 
is no longer valid if coma is to be corrected with finite apertures. Eq. (3.83) 
requires that the planes be replaced by spheres, concentric to the object and 
image, as shown in Fig. 3.2. The spheres are, of course, simply wavefronts 
defined as passing through the principal points P and P'. The sine condition 
confirms what one would intuitively expect from the wavefront concept of 
image formation. 




Following Abbe, up to the effective implementation of computers, much 
elegant mathematical work was carried out in the hope of developing higher 
order aberration theories and techniques of calculating optical path lengths 
by extensions of the theorems of Fermat and Malus (see §2.2.2). This led to 
the “Eikonal” of Bruns in 1895 and the modification (Winkeleikonal) used by 
Schwarzschild [3.1]. Accounts of this work and complete literature references 
are given by Czapski-Eppenstein [3.11(a)] and by Herzberger [3.7]. Modern 
computers, with their efficiency in ray tracing, have reduced the significance 
of this theory. Nevertheless, for a deeper understanding of the function of 
optical systems, many aspects retain great value, but it cannot rival third 
order theory in its significance and simplicity. 

Modern developments in telescope optics involving active optics, as de- 
scribed in Vol. II of this work (RTO II, § 3.5) and relating particularly 
to the ESO New Technology Telescope (NTT) and Very Large Telescope 
(VLT), also make extensive use of aberration theory. However, in the ba- 
sic layout of the active support systems for thin primary mirrors, higher 
order aberration theory is a useful rather than essential tool, since Zernike 
polynomials (§3.9) or natural vibration modes (RTO II, §3.5.4) provide the 
information required. But classical higher order theory has assumed con- 
siderable significance in the general theory of decentering and in practical 
techniques for the alignment of the elements of modern telescopes (RTO II, 
§ 2 . 2 . 1 ). 
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Of the earlier work on higher order aberration theory given by Herzberger 
[3.7], the most notable in the modern context is that of Buchdahl [3.154]. 
Buchdahl developed systematically the concept of quasi-stable parameters 
for a given order, equivalent to the use of paraxial parameters in third order 
theory. Probably the definitive treatment of this subject was given by Focke 
in 1965 [3.155], although its assimilation requires much hard work. Fock- 
e’s aim is a modernised treatment unifying the theories of Schwarzschild, 
T. Smith [3.156] and Herzberger. T. Smith’s classic paper investigated the 
dependence of aberration coefficients of any order on the object and stop 
positions. Focke gives explicit formulae, based on the Schwarzschild angle 
Eikonal and the Smith stop-shift formulae, for refraction at a surface which 
can be spherical or aspheric to the fifth order. The formulae cover all third 
order and fifth order terms, separated into spherical and aspheric parts. He 
also derives the Herzberger formulae, with the link to the Schwarzschild coef- 
ficients, and shows that they are in exact agreement with those of Buchdahl 
and have a simple form for spherical surfaces. This simplicity is lost for as- 
pheric surfaces and Focke does not develop the Herzberger treatment for this 
case. 

More recently de Meijere and Velzel [3.157] have analysed the dependence 
of third and fifth order aberration coefficients on the definition of the pupil 
coordinates. They show that the normal definition leads to 9 independent 
fifth order terms, in agreement with Table 3.1, whereas two other definitions 
lead to 12 independent fifth order terms. This is of considerable historical 
interest, because Petzval [3.11] [3.151] stated clearly already in 1843 that 
there were 12 such terms (see Footnote in § 3.2.2). 

3. 2. 5. 3 System evaluation according to geometrical optics from ray 
tracing. Traditional representations of system quality according to geomet- 
rical optics were based on limited information from hand-traced rays, usually 
as transverse aberrations (intercept differences in the image plane) . Such rep- 
resentations can still be very revealing and are still used [3.8]. However, fast 
computers have led to the universal use of spot-diagrams as a measure of 
geometrical image quality. They were introduced by Herzberger [3.7] [3.37]. 
To generate a spot-diagram, the entrance pupil is (usually) divided up into 
a rectangular grid with square mesh and a finite ray is traced through the sys- 
tem for each mesh intersection point [3.12]. Sometimes, other pupil divisions 
are used, such as concentric circles, but this gives less complete sampling of 
the pupil. The number of rays required will depend on the number of aberra- 
tion orders present in the system and usually lies in the range 50 - 300. The 
usual spot-diagram (SD) representation is a matrix of points, the columns 
representing the different field heights with the SD for the axis at the bot- 
tom, while the rows represent different wavelengths (Fig. 3.3). Each matrix 
represents an image plane at a chosen axial focus point. Full understanding 
of the image potential often requires several such SD-matrices for different 
focus points. 
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Fig. 3.3. Normal representation of spot-diagrams 



For the given focus, each matrix represents the field plane for the various 
wavelengths on the chosen (arbitrary) scale, on which the SD give the geomet- 
rical point-spread- functions (PSF) in a vastly magnified form. Their scale is 
normally indicated by a circle whose diameter is given in arcsec for telescope 
systems, to permit direct comparison with the seeing. Catoptric systems, 
with only reflecting elements, will have a single-column spot-diagram matrix 
for a given focus. In such catoptric systems, we shall show a “through-focus” 
matrix in which the rows represent different focus shifts from the nominal 
focus. 

In this book, the primary purpose is to present the theory and properties 
of various telescope forms in a coherent way. Examples of achievable quality 
will be given in typical cases with spot-diagrams. For more complete com- 
parisons with SD, the reader is referred to Rutten and van Venrooij [3.12] 
and Laux [3.8]. 



3.2.6 Analytical expressions for a 1-mirror telescope 

and various forms of 2-mirror telescopes (Classical, 
Ritchey-Chretien, Dall-Kirkham, Spherical Primary) 

3. 2. 6.1 Introduction. The results derived in §3.2.4 will now be used to 
derive the basic properties of 1-mirror telescopes and various common forms 
(Cassegrain and Gregory) of 2-mirror telescopes. The theory is given in wave- 
front aberration, whose conversion to other forms is given in § 3.3. 

It should be noted that the classical forms of reflecting telescope only 
corrected one aberration: spherical aberration, giving image correction on 
the axis. The necessary theory was given by Descartes in 1634. This theory 
was sufficient for the long focal lengths and small visual fields for nearly three 
centuries! The problems lay not in lack of theory, but in manufacture, test 
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methods, mirror support, the mechanics of mountings and operation. Only in 
1905, impelled by the field demands of the slow, but increasingly dominant 
photographic emulsions and the dramatic advances of the reflecting telescope 
due to Ritchey (see Chap. 5), came the revolutionary work of Schwarzschild 
[3.1] [3.13]. This introduced third order theory into reflecting telescope design, 
in a remarkably complete form, and laid the way for all modern designs taking 
field correction into account. 

Schwarzschild proved, using his definition hg of the asphericity of Eq. 
(3.11), that two aspheric mirrors in any geometry with sufficient space be- 
tween them could correct two Seidel aberrations. 1 call this the “Schwarzschild 
theorem” . The two lowest terms from the point of view of field dependence 
(cr) in Table 3.1 are Si{a'^) and Su{(J^). Schwarzschild’s work thereby opened 
the way to aplanatic telescopes, a term introduced by Abbe [3.9] for optical 
systems corrected for Sj and Su- 

We shall see in §§3.4 and 3.6.5 that the generalization of the above 
Schwarzschild theorem [3.13] is of central importance in assessing the possi- 
bilities of telescopes containing more elements than two aspheric mirrors and 
is, indeed, the basis of all modern telescope solutions. 

3. 2. 6. 2 1-mirror telescopes. Since plane mirrors introduce no aberrations, 
the single centered concave mirror (i.e. one mirror with optical power, or 
“powered” mirror) covers all the normal prime focus (PF) cases: direct PF, 
Newton focus and folding-flat Cassegrain (Fig. 2.15). The aberrations are 
given in Table 3.4. 

Since any telescope must be free from the first equation gives the 

requirement b^i = —1, the parabolic form. A spherical primary gives 



The second term in the bracket 

Sprl(l + bsi) 

for the coma {Su)i is also zero, which shows that the coma is independent of 
the stop position Spri because {Si)i is zero, in accordance with the stop-shift 
formulae of Eqs. (3.22). The coma is then given by 



For a spherical mirror, or any non-parabolic form, the result of Eq. (3.87) only 
applies if the stop is at the primary; otherwise, the general form of Table 3.4 
must be used. 




(3.86) 




(3.87) 
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For the astigmatism, the third formula reduces, for a parabolic form, to 

{Siii)i = — ( {fi — Spri)Upj.i (3.88) 

parab V /l / 

This is not independent of the stop position Spri because the coma is not 
zero: only the last term of the stop-shift formula in (3.22) vanishes because 
of zero {Si)i. As with the coma, if the stop is at the primary, the astigmatism 
is independent of its form. 

If the normalization of Table 3.3 is used with yi = +l, f^ = —l, Mpri=+1 
and the stop is placed at the primary with Spri — 0, then {Si)i = 0, 
{Sii)i — —0.5 and S'/// = + 1.0 as shown, in agreement with Eqs. (3.87) 
and (3.88). 

Historically, there is another form of 1-mirror telescope which is not axi- 
ally centered: the Herschel form (Figs. 1.1 and 2.10). The central part of the 
observed image then corresponds to the field angle Upri of the mirror tilt. 
This leads to the coma and astigmatism of Eqs. (3.87) and (3.88). Because 
of the dependence on the first and second power of Upri respectively, the 
astigmatism is negligible for small tilts and the coma is dominant. 

3. 2. 6. 3 2-mirror telescopes in normal Cassegrain or Gregory geom- 
etry The results of § 3. 2. 4. 3 enable us now to derive analytical expressions 
for the third order aberrations of various 2-mirror solutions. In this section, 
we shall confine ourselves to those solutions based on normal Cassegrain or 
Gregory geometry: other 2-mirror systems will be treated in the following 
section. The theory given here will enable us to understand the (normalized) 
third order values of Table 3.3, derived from Eqs. (3.20) and paraxial ray 
traces. The conversion to lateral or angular aberration is given in § 3.3. At 
this stage, we are only concerned with the relative values of the third order 
coefficients arising from different telescope solutions. 

It should be remembered that the formulae we have derived above are 
completely general for 2-mirror telescope forms. It follows that the derivations 
below apply to both Cassegrain and Gregory forms. Which form applies will 
depend on the signs of the parameters m 2 and / (negative and positive 
respectively for Cassegrain; positive and negative respectively for Gregory - 
see Tables 2.2 and 2.3), and on the values of di and L which are negative 
and positive respectively in both cases. 

a) Classical telescope: classical Cassegrain and Gregory. These 
forms are defined by a primary mirror of parabolic form (bgi = —1) giving 
a prime focus corrected for (<S/)i. From Eqs. (3.30) and (3.31) it follows that 

C=^(l-f&.i) = 0 (3.89) 

(S/)i = -(^^) /C = o 



(3.90) 
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Similarly, the secondary mirror must also contribute zero spherical aberration 
(S'/) 2 - From Eqs. (3.41) and (3.43), we have 






(m2 + 1)^ 

4 



/ m2 - 1 
\m2 + 1 



2 

+ bs2 



0 



(3.91) 



{Sih 




(3.92) 



from which it follows that 



{b 



s2)cl 



m2 -l 
m2 + 1 



(3.93) 



For the classical Cassegrain given in Case 3 of Table 3.3 with m 2 = —4, Eq. 
(3.93) gives for the form of the secondary 6^2 = —2.778, a strong hyperbola. In 
the classical Cassegrain, the foci of this hyperbola obviously lie at the primary 
and secondary images I-^ and I 2 of Fig. 2.12. Since, for a given radius V 2 and 
diameter 2y2, hs 2 is a direct measure of the asphericity from Eq. (3.11), it 
is clear why the manufacture of Cassegrain secondaries, combined with the 
test problems resulting from its convex form (see RTO II, Chap. 1), remained 
unsolved for 180 years after the original proposal by Cassegrain. 

Similarly, Eq. (3.93) gives for the classical Gregory of Case 7 in Table 3.3, 
with m 2 = +4, an elliptical form for the secondary with 6^2 = —0.360. 
However, the asphericity on the surface is not necessarily smaller than that 
on the Cassegrain secondary, since the radius C 2 is steeper for the same value 
of m 2 because the quantity P in Eq. (2.84) is less in the Gregory solution. 
The manufacture of the Gregory secondary is easier because its concave form 
is more convenient for testing - see RTO II, Chap. 1. 

If m 2 — )► ± 00 , Eq. (3.93) gives fos 2 —1, giving the Mersenne telescopes 
with confocal paraboloids (Table 3.6). For a given diameter and curvature, 
therefore, the manufacture of the Cassegrain secondary will ease with increase 
of |m 2 |. However, if increase of |m 2 | implies reduction in diameter (obstruc- 
tion ratio Ra), as for a fixed final image position in the focal case according 
to Eq. (2.72), then this is not necessarily true, since the asphericity must be 
achieved over a smaller diameter - the aspheric function becomes “steeper” . 

The field coma ^ Su for the classical Cassegrain or Gregory is given from 
Eq. (3.60) and Table 3.5. The last term 

is in all cases zero if the stop is placed at the primary, giving Spri — 0. But 
it is anyway zero for the classical Gassegrain because ^ S'/ = 0 by virtue 
of <^ = ^ = 0. This is, again, a statement of the stop-shift formulae of Eq. 
(3.22). Since any useful telescope must be corrected for spherical aberration, 
the field coma is always independent of the position of the stop. 
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For the classical telescope forms, C = 0 from Eq. (3.91), so that the field 
coma is given from Eq. (3.60) by 
3 



E*-- - (I 



/' 



Uprl 



(3.94) 



This is identical with the result of Eq. (3.87) for a 1-mirror telescope if we 
replace /i by / , the focal length of the 2-mirror combination. Eor the cases 
of Table 3.3 with yi and the final focal lengths normalized to unity, the 
field coma is identical for the 1-mirror and classical Cassegrain and Gregory 
cases, an important result. However, it must be remembered that the classical 
2-mirror telescopes will give a lower value in practical cases if their relative 
aperture is smaller. 

The field astigmatism is given by Eq. (3.61). With =0, the last 

term is again zero. The other stop-shift term in the bracket can be written 

Sprl 

7^ 

which contains in the bracket twice the stop-independent coma of Eq. (3.60). 
In the general case, then, the classical telescope has the astigmatism 



(2die + /') 



E*- = (fi 



f 

^(/^ + ^l) + ^prl 



-^prl 



(3.95) 



since ^ = 0. If the stop is at the primary, this reduces to 



(Es«0 



<SpT’l 0 



2 r 



jif + di) 



J'pr\ 



f]f 



r+di 



f - 7712^1 



(3.96) 



-^prl 



from (2.75). Since L ^ 1 in the normalized system of Table 3.3, the astig- 
matism of the classical telescope is markedly higher for the same final focal 
length than that of the 1-mirror telescope given by Eq. (3.88). If we set 
m 2 = — 1 in Eq. (3.96), we have the limit case of a folding flat without opti- 
cal power for the Cassegrain secondary and the astigmatism is the same as 
for the 1-mirror telescope with the stop at the primary. 

In the afocal case, we have the limit case of the Mersenne telescope 
(Eig. 1.3 (a) and (b)) consisting of two confocal paraboloidal mirrors. Since 
/', L and m 2 are 00 , the focal forms (3.94) and (3.96) would be singular in 
the normalized forms of Table 3.3 without their initial factors {yi/f')^ and 
{yi/f )^ respectively, but reduce to zero with these factors. This is confirmed 
from the general afocal formulation of Table 3.6. From this, it is clear that, 
if 



bsl — &s2 — — 1 j 



then 



(3.97) 
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Si = ^ Sji = ^ Sin = 0 (3.98) 

Afoc Afoc Afoc 



Thus, in 1636, without knowing it and without the necessary theory of field 
aberrations to be able to understand its significance, Mersenne invented not 
only the first aplanatic telescope form, but also the first anastigmatic form 
[3.13]. We shall see that these properties of an afocal telescope are of great sig- 
nificance for the further development of modern forms of reflecting telescope, 
see also footnote on page 324 concerning Mersenne. 

The field curvature ^ Siv of the classical telescope is given in various 
forms by Eq. (3.62) and in Table 3.5 for the focal case; in Table 3.6 for the 
afocal case. In the Cassegrain case, if the telephoto effect T is large according 
to Eq. (2.57), then L f and the second form of Eq. (3.62) shows that the 
field curvature from the secondary will be far higher than that of the primary. 
This gives the high values of the Cassegrain solutions of Table 3.3 compared 
with the 1-mirror telescope. This Cassegrain field curvature is concave to- 
wards the incident light. The last column of Table 3.3 gives the effective field 
curvature for best imagery in the presence of ^ Sm and ^ Siv- We see that 
the astigmatism increases the effective field curvature. 

If the curvatures of Mi and M 2 in a Cassegrain telescope are made equal, 
the system will yield a flat field with ^ Siv — 0. However, this leads to an 
optical geometry which is rarely practicable from the point of view of the final 
image position or obstruction. This is easily demonstrated from Eq. (2.64): 



/_ RALf[ 
L + Ra![ 



(3.99) 



For ^ Siv = 0, we must set /2 = A- Then 
L -t- RaJi = RaL , 



giving 



fi = -L 



1-Ra 



Ra 

Setting Ra = 1/3, a typical value, gives 

A = -2i 

From Eq. (3.62): 









m2 

T 



m2 + i 



= 



1 

LA 



If '^Siv = 0, then (3.101) and (3.102) give 
m 2 = —1.5 



m 2 + 1 
L 



(3.100) 

(3.101) 

(3.102) 

(3.103) 



for a flat field with Ra = 1/3. This is the inevitably low value of m 2 associated 
with a weakly curved secondary. The consequence for the position of the 
image b relative to the primary is given by Eq. (2.65): 
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b = L + f[{l-RA) 



(3.104) 



With Ra = 1/3 and fi = —2L from (3.101), we have 
b = -L/3 



(3.105) 



This means that the Cassegrain image is well to the left of the primary in 
Fig. 2.12, normally an unacceptable position. 

If Ra = 1/2 is accepted, then 



a normally acceptable image position; but Ra = 1/2 is normally too high. 
We see that the image position 6 is a very sensitive function in the flat field 
condition arising out of Eq. (3.62). 

Normal modern Cassegrain telescopes rarely have |m 2 | < 3 or Ra > 1/3. 
Indeed, the modern trend is to make |to 2 | > 4, implying that field curvature 
is accepted as the lesser evil. If necessary, field-flattening lenses can be used, 
but one must beware of transverse chromatic aberration (see §3.5). Modern 
array detectors, such as CCDs, can compensate modest field curvature. 

In Table 3.3, it is clear that the primary compensates some of the field 
curvature of the secondary, whereas in the Gregory case (Case 7) the effects 
are additive. However, the effective field curvatures with astigmatism are 
numerically quite similar. A very important advantage of the Gregory form 
is the fact that the sign of both ^ S'/y and the effective field curvature is 
the opposite of that of the Cassegrain. This means that these field curvatures 
in the Gregory form are convex to the incident light. This is precisely the 
overcorrection required to compensate the natural field curvature of almost 
all instruments. 

b) The aplanatic telescope and its Cassegrain (Ritchey-Chre- 
tien) form. The Ritchey-Chretien (RC) form of the Cassegrain telescope is, 
in practice, by far the most important modification of the classical Cassegrain 
telescope. It was originally proposed by Chretien in 1922 [3.14], who was 
inspired by Schwarzschild’s pioneer work in 1905 [3.1]. However, there is 
good evidence - see § 5.2 - that Chretien, at Ritchey’s suggestion, had al- 
ready established the aplanatic basis of his design by 1910, before he met 
Schwarzschild or became aware of his work. Schwarzschild established the 
fundamental design principles for field correction (see §3. 2. 6.1), but sought 
a faster system than that provided by the normal Cassegrain form. The 
Schwarzschild form also aimed for a remarkable angular field extension: it 
will be treated in § 3.2.7. Schwarzschild, therefore, did not discover the RC 
telescope, although it was implicit in his theory [3.13]. It corrects the two 
conditions Si and Su to give an aplanatic telescope without any change to 
the desired Cassegrain geometry. Ritchey recognised the importance of this 




m2 = -2 
b = +L/2 
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development for field extension in a very fast (for that time) Cassegrain with 
f/6.5. He then made the first such major RC telescope, with 1 m aperture, for 
the US Naval Observatory in the 1930s, a remarkable achievement with the 
test techniques available at that time. Without wishing to detract from the 
achievements of Ritchey, it might seem more logical to call this system the 
Schwarzschild-Chretien, a name which would reflect more justly its origins 
in optical design theory. However, the name Ritchey-Chretien is now firmly 
established. 

The RC solution is defined by Eq. (3.60) for the field coma of a 2-mirror 
telescope, which must be set to zero for an aplanatic solution: 

V' 






Apian 



f ^ ^prl 






Uprl = 0 (3.106) 



For correction of ^Sj, the second term in the square bracket is zero irre- 
spective of the pupil position Spri- The condition for an aplanatic telescope 
is then 



/' 

dl^Aplan T — 0 , 



giving 



(3.107) 



^Aplan — r, 1 
ZUi 

Combining this with (3.41) gives 



i^s2) Apian — 



2f 

\m2 + lj di(m2 + l)^ 



(3.108) 



(3.109) 



for the general condition of an aplanatic, 2-mirror telescope. 

Whether the telescope is of Cassegrain or Gregory form will again depend 
on the signs of m2 and / according to Tables 2.2 and 2.3 and the numerical 
value of di . Table 3.2 gives the values of 6^2 for the RC and aplanatic Gregory 
cases with m2 = —4 and +4 respectively. We see that there is a modest 
increase in eccentricity in both cases compared with the classical case. Eq. 
(3.109) can be written from (3.93) 

{bs2)Aplan = {bs2)d ~ ^ > (3.110) 

in which the second term gives the supplement required for the aplanatic so- 
lution. Since {hs 2 )ci is always negative, an increase of eccentricity always takes 
place because of the signs of the quantities in the Gassegrain and Gregory 
cases, giving a negative supplement. 

Equation (3.109) completely defines the solution for the 2-mirror aplanatic 
telescope: the condition ^ Sn = 0 is achieved solely by the form of the 
secondary. The non-zero value of ^ of Eq. (3.108) corrects the field coma 
term of a primary mirror with the same final focal length / . 
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Equation (3.110) confirms that the classical and aplanatic forms are iden- 
tical in the afocal case of the Mersenne telescope. If we replace / by m 2 fi 
from Eq. (2.55), we can write 



i^s2')ApL an 
Afoc 



{bs2)cl — 



2 /( m2 

di (m 2 + 1 )^ 



(3.111) 



in which the supplementary term is zero if m 2 -A 00 . 

The second condition for aplanatism, the correction ^ 5/ = 0, must be 
established from the correct form of the primary. From Eq. (3.59), the con- 
dition is 



/ CapI an ^^Apl an 0 



(3.112) 



giving from (3.108) 




From (3.30), we have then 



rr4 

4 



1 + {bsl)Apl 




L 

^ ’ 



and 



{bsl') Apian 1- 



2L 

d\m\ 



(3.113) 



(3.114) 



whereby the second term gives the supplement relative to the parabolic form 
of the classical primary. It can be written in the form 

2L 

{bsl') Apian — (^sl)cZ 3 (3.II5) 

From the signs given in Tables 2.2 and 2.3, the supplement term is negative for 
the Cassegrain and positive for the Gregory, giving values near the parabola, 
but hyperbolic for the Cassegrain and elliptical for the Gregory (Gases 4 
and 8 of Table 3.2). The difference from the parabolic form only becomes 
appreciable for small values of m 2 . 

In the limit, afocal case, Eq. (3.115) is singular. If we substitute L = 
m 2 {fi — di) from Eq. (2.75), the supplement is again zero in the afocal case, 
confirming that the classical and aplanatic forms are identical, i.e. parabolic. 

We have seen that the aplanatic supplement for the primary is small for 
normal values of m 2 . In manufacture, this is insignificant unless the primary 
is tested against a full-aperture flat in autocollimation, giving a null-test 
(RTO II, Chap. 1) in the classical case. The supplement for the secondary 
amounts to about 14% in the cases of Table 3.2 with m 2 = ±4. It increases 
rapidly for smaller values of m 2 . It is important to note that, while the apla- 
natic forms of the secondaries are still hyperbolae or ellipses to a third order, 
these conic sections are no longer such that the foci are at the primary and 
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secondary images, as is the case for the classical forms. This is a consequence 
of the fact that the primary image is not free from spherical aberration in 
the aplanatic case. 

The amount of spherical aberration at the prime focus is given from Ta- 
ble 3.5 and Eq. (3.30) : 



{Sl)lApl a 




From Eq. (3.114), this reduces to 



{Sl)lApl a 



\f) 2di ’ 




1 + (^sl)Apia 



(3.116) 



(3.117) 



a negative value for the Cassegrain (/ positive) and a positive value for the 
Gregory (/ negative). The differences between the values for surfaces 1 and 
1* in Cases 4 and 8 of Table 3.3 for Si correspond to Eq. (3.117). They 
are small (—0.581 in the RC case) compared with the total contribution of 
the primary as a spherical mirror (-1-16) but larger than that of a spherical 
primary of the same final focal length / (compare Case 1 of Table 3.3). 
The aberration thus makes the prime focus unusable without a corrector. 
However, it is fortunate that the primary form in the (commonly used) RC 
case is hyperbolic, since this is favourable in the design of PE field correctors, 
correcting above all the field coma (see Chap. 4). 

We now consider the astigmatism of the aplanatic 2-mirror telescope. 
The general relation for ^ Sm is given by Eq. (3.61) and in Table 3.5. Com- 
parison with Eqs. (3.22) shows that the term in s'^i contains the spherical 
aberration while that in Spri contains the coma, both of which are zero. 
So, even if 0> there is no change in astigmatism. If, therefore, for 

IR observation the stop is placed at the secondary, there is no effect on 
^S'/, '^Siii, '^Siv in an aplanatic telescope, whereas in the 

classical telescope ^ Sm is changed because ^ Sn ^ 0. The astigmatism 
of the aplanatic telescope is 



(E*-) 



Apian 



(fy 




J'prl 



(3.118) 



Substituting from (3.108) gives 



(Es<») 



Apian 





(3.119) 



Comparing with the classical telescope, Eq. (3.96), we find a similar result 
except that di is replaced by di/2 in the bracket. In the RC case, / is 
positive, di negative, so there is a modest increase of astigmatism. In the 
aplanatic Gregory, there is a modest reduction. Cases 4 and 8 of Table 3.3 
reveal these effects in the normalized case. 
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Equation (3.119) is expressed, as in Eq. (3.96) for the classical telescope, 
in terms of the constructional parameters / , L and di. These relations, 
and all the others derived in this section, can, if preferred, be equally well 
expressed in terms of the parameters fi, m 2 and Ra- Chap. 2 (§ 2. 2. 5. 2) gives 
all the necessary conversion formulae. Here we make use of 



/' = 


TO 2/1 








(2.55) 


Ra = 


L 

7 








(2.58) 


Ra = 


f 








(2.72) 


Substitution in Eq. 


( 3 . 1 19) gives the form 










-fyA" 7 


[1 1 (1-^^)] 


7/2 




V / ^ ^ni ] 

V ' / Apian 


\fi) m2RA 


2m2 


“prl 





In the afocal case, since m 2 — >■ 00 and the other quantities remain finite, 
the astigmatism is zero from (3.120), in agreement with Table 3.6 and the 
convergence of the classical and aplanatic solutions in this limit case. 

The field curvature ^ Siv is independent of the aspheric form of the 
mirrors and is therefore identical in the aplanatic case to that of the classical 
telescope treated above. 

The RC aplanatic form of the Cassegrain telescope, is, and will always 
remain, the ultimate optical design for a 2-mirror telescope, since it com- 
bines the compactness and telephoto effect of Cassegrain geometry with 
optimum aberration correction possibilities (2 conditions) according to the 
Schwarzschild theorem (§ 3. 2. 6.1). Its significance increases as |m 2 | is reduced 
and the angular field is increased. The development of arrays of electronic 
detectors, above all CCDs, and multi-object spectroscopy increase the ad- 
vantages of the RC solution over the classical Cassegrain. 

A typical angular field for a modern RC telescope is ± 15 arcmin, as with 
the ESO 3.5 m NTT. This has a final aperture ratio of f/11 and m 2 = —5. 
Figure 3.4 shows the spot-diagrams ^ for this field for the cases of a classical 

^ Spot-diagrams in this book set up to illustrate examples of systems considered to 
be fundamental in the evolution of the theory of the reflecting telescope are rep- 
resented in formats given by the ZEMAX-EE optical design program. In the case 
of all reflecting (catoptric) systems, the “through-focus” matrix representation 
(see § 3. 2. 5. 3) is used; for systems including refracting elements (catadioptric) 
the “single-focus field-wavelength” matrix is used. In all cases, the spot-diagram 
matrix is accompanied by the computer drawing of the system and the input cal- 
culation data. The latter has been taken over from computer optimization results 
without removal of redundant digits in the output data. The same also applies 
to system data given in tables in the text in this chapter. The removal of re- 
dundant digits from the output data is part of the design process of tolerancing 
and preparation of manufacturing specifications, a process which has not been 
undertaken in the design of the system examples given in Chapters 3 and 4 of 
this book. 
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Fig. 3.4. (a) Spot-diagrams for a classical Cassegrain telescope with the geometry of the ESO 3.5 m NTT (f/11; m 2 = —5) for an 
optimum field curvature Tc = —1955 mm (concave to the incident light) 
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Fig. 3.4. (b) Spot-diagrams for an RC aplanatic telescope with the geometry of the ESO 3.5 m NTT (f/11; m2 = —5) for an optimum 
field curvature Vc = —1881 mm 
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Cassegrain and an RC aplanatic telescope. The coma in the former case is 
the dominant field aberration. The form of the spot-diagrams for the basic 
aberrations is given in § 3.3. The point of the arrow-shaped coma figure points 
towards the axis (field centre) of the telescope. Such comatic images are 
common in star-field photographs with older telescopes. Bahner [3.5] gives 
an example from a PF photograph with an f/4 parabolic primary. By contrast, 
the spot-diagrams in the RC case are completely symmetrical. This is because 
the field curvature is chosen to give the best mean focus for the residual 
astigmatism, giving a round geometrical image (see §3.3). If the focus is 
shifted slightly one way or the other, the astigmatic lines appear. The absence 
of symmetry about the horizontal axis makes the coma pattern the most 
objectionable of all aberrations. 

The Gregory aplanatic form is only interesting if its intermediate image 
is useful (solar telescopes); or its extra length is unimportant so that the 
technical simplification of a concave secondary for testing is decisive, or its 
overcorrected field curvature is considered determinant. 

A number of publications deal with the whole range of 2-mirror aplanatic 
forms. An excellent treatment was given in 1948 by Theissing and Zinke 
[3.15]. The properties of all aplanatic solutions are given in analytical and 
graphical form for the case in which the final image is formed in the plane 
of the primary. A more recent paper by Krautter [3.16] extends this general 
treatment, covering some systems with corrector plates and also the grazing 
incidence variants of the Mersenne forms for X-ray telescopes, due to Wolter 
[3.17]. Lens forms are also treated. 

c) Telescopes with a spherical secondary: the Dall-Kirkham 
(DK) Cassegrain form. As is the case for many practical advances in 
reflecting telescope technology, the suggestion for a Cassegrain with a spher- 
ical secondary came out of the amateur telescope-making movement. It is 
clear that the Schwarzschild theorem given in §3. 2. 6.1 can be applied to the 
general case of a 2-mirror telescope for which we require the fulfilment of only 
one condition, ^ S'/ = 0, in the final focus. There are an infinite number of 
solutions, of which the classical telescope is a special case, for which ^ S/ = 0 
for the prime focus as well as for the final focus. Two other cases are of spe- 
cial technical interest: telescopes with a spherical secondary and those with 
a spherical primary. As before, both Cassegrain and Gregory forms exist, but 
again the Cassegrain form is the more important in practice. 

Although the first proposal was probably made by Dali, the first clear 
description was apparently given by Kirkham [3.18]: it is generally known 
as the Dall-Kirkham (DK) form of the Cassegrain. In Chap. 5 and RTO II, 
Chap. 1, we shall discuss the problems created by the manufacture and test of 
the classical convex hyperbolic secondary: for amateurs the task has always 
been formidable, so the technical advantages of a spherical secondary, tested 
by a concave negative, are enormous. However, as we shall see, this ease 
of manufacture is accompanied by a high price in field coma. Nevertheless, 
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in certain circumstances, the DK form has legitimate application even for 
professional telescopes and a number of such instruments are in use: at the 
ESO La Silla Observatory, for example, the 1.4 m Coude Auxiliary Telescope 
(CAT) and the Dutch 0.9 m national telescope. 

The condition for spherical aberration requires from Eq. (3.59) 

~ (^~fCDK + L^DK^=0, (3.121) 

in which the suffix DK should be understood to cover both Cassegrain and 
Gregory forms. By definition, for the DK form, we have 



{bs2)DK — 0 , 
giving from Eq. (3.41) 

(m2 + 1)^ fm2 — l 



ioK = 



m2 + 1 



(m2 + 1) 



(m2 - 1)^ 



Also, from Eq. (3.30), we have 



Cdk 



m 



3 r 



1 + (bsi)DK 



(3.122) 



(3.123) 



(3.124) 



(3.125) 



Substitution in (3.121) gives 

^ L {1712 + l)(m2 - 1)2 

[f^SljDK — — i + 

/ m^ 

as the form required on the primary to correct the spherical aberration. For 
the normalized Cassegrain DK of Case 5 in Table 3.2 with L=+0.225, /' = +1 
and m 2 = —4, Eq. (3.125) gives {bsi)DK = —0.73633, an ellipse. The primary 
for the DK form is thus somewhat less aspheric than the parabola of the 
classical telescope. In the Gregory case, the primary would be a hyperbola 
but nearer the parabola, because m 2 = +4 and / = — 1. 

The form of Eq. (3.125) becomes singular in the afocal case. If we substi- 
tute from (2.55) and (2.75) the relations 



/ = m 2 /i and L = f - rri 2 di , 



then we have the generally determinate form 



{bsl)DK — —1 



1 - 



di 

f’l 



(m 2 -I- l)(m2 - 1) 



21 



(3.126) 



In the afocal limit case with m 2 — t 00, the square bracket term becomes 
unity, giving 



{bsl)DK = —1 
Afoc 



di 



di 



1-j]=-^ = -1 + Ra 



(3.127) 



from Eq. (2.72). From Table 2.3 we see that Ra is positive in the Cassegrain 
(normal DK) case, again giving the elliptical form for the primary; while Ra 
is negative for the Gregory case, giving a hyperbola. 
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The function 



/("I2) = 



(m 2 + l)(m2 - 1)^ 



(3.128) 



contained in the square bracket of (3.126) and representing the limit case of ^ 
in (3.41) when bs 2 = 0, has very interesting properties. If we set /(m 2 ) = +1, 
then (3.128) gives 



ni2 + m 2 — 1 = 0 



(3.129) 



Apart from the solution m 2 = ± 00 , given above from Eq. (3.128) for the 
limit case of a Mersenne-type, afocal telescope with a spherical secondary, 
Eq. (3.129) has two other roots m 2 = —1.618 034 and m 2 = +0.618 034, 
the first corresponding to the Cassegrain (normal DK) case, the second to 
the Gregory case. The first value is the famous magic number, r, whose 
remarkable geometrical properties were first recognised by Pythagoras and 
led to the Fibonacci series in plant growth [3.19] [3.20]. The second root is, 
accordingly, simply the reciprocal of the first. 

Another important limit case is given by m 2 = ±1, whereby /(m 2 ) = 0. 
From (3.126) the resulting form of the primary is parabolic: this must be 
the case since the spherical secondary has no optical power and has become 
a folding flat in the Cassegrain case (Fig. 2.15). The Gregory limit case with 
m 2 = +1 was discussed in §2.2.5 and corresponds to a secondary concen- 
tric with the primary image, a useless case in practice because of detector 
obstruction. 

Figure 3.5 shows the complete function /(m 2 ). The left-hand curve refers 
to the normal Cassegrain DK case. It has a very flat maximum at m 2 = —3, 
but the function is virtually constant between +1.10 and +1.185 for the 
entire range of practical m 2 values. From Eq. (3.126), this means the form of 
the primary is largely determined by the obstruction ratio Ra in all practical 
cases. Magnifications numerically less than unity give in both Cassegrain and 
Gregory cases a very steep rise to 00 at m 2 = 0; but practical systems in this 
range are uncommon. The unit values at m 2 = — r and +l/r mean that Eq. 
(3.127) also applies in these cases: the asphericity of the primary depends 
strictly only on the obstruction ratio Ra- So the magic number also retains 
its powerful link with geometry in this optical case. 

The arms of the function refer to the Cassegrain on the left and the Gre- 
gory on the right only in the normal case of a real final image. For virtual 
images they invert these roles, but such cases are rarely of practical signifi- 
cance. 

We must now consider the field coma of the DK telescope. From Eq. 
(3.60) or Table 3.5, again neglecting the second term because of the condition 
^ S'/ = 0, we have 







— di^DK 
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2 



Upr\ 



(3.130) 
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the image is real 



Substituting from (3.123) gives 



(y.s^ 



II 



DK 



-^(m2 + l)(m2 - 1)^ - 4- 



di 

4 



Uprl 



(3.131) 



for the normal focal case. Similarly, Eq. (3.68a) or Table 3.6 give for the 
afocal case the particularly simple form in terms of fi and di : 

3 



(E*») 



Afoc 



DK 



di 
' 4 






(3.132) 



With the normalized geometry of Table 3.2, the DK case with m 2 = —4 
gives from (3.131) 






DK 



= -3.63281 - 0.5 = -4.13281 , 



the value appearing in Table 3.3, Case 5. This must be compared with the 
value —0.5 for a classical Cassegrain and shows the high price that must be 
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paid for the manufacturing convenience of the DK solution: the field coma is 
increased by a factor of over 8 compared with the classical Cassegrain with 
this typical geometry! Since field coma as a third order aberration varies 
linearly with field, it follows that, for a given acceptable coma limit, the field 
area is reduced by almost two orders of magnitude. 

The field astigmatism of the DK telescope is given in the focal case by 
Eq. (3.61) or Table 3.5. The fourth term is again zero with ^ S'/ = 0, but the 
third term is only zero if Sp^i is zero, i.e. the stop is at the primary. Assuming 
Spri = 0, we have 



J DK,0 

giving with (3.123) 
J DK,0 




jif + di) 




^{f + 






^prl 



^(m2 + l)(m2 



(3.133) 



1)2 



u 



2 

prl 



(3.134) 



With the geometry and normalization of Table 3.2, Eq. (3.134) gives with 
m 2 = -4 



(ES-) 



= +3.58333 - 3.12826 = +0.45507 , 



the value in Table 3.3, Case 5. Thus, whereas the RC solution produced 
a modest increase (about 12%) of the astigmatism of the classical Cassegrain, 
the DK solution virtually compensates it, giving a value of only about one 
eighth with this geometry. However, the value of this virtue is limited in 
practice, since the image quality is totally dominated by the coma. 

In the afocal case, Eq. (3.69a) or Table 3.6 give with Sp^i — 0 



(ES-) 

Afoc 




dl 



W-di)\ 



-^prl 



(3.135) 



The field curvature is unaffected by mirror asphericities and is identical 
with that of the other solutions of the same geometry. 

Figure 3.6 shows the spot-diagrams for the DK solution with the same 
geometry (NTT) as in Fig. 3.4. The circle again represents 1 arcsec but the 
maximum semi-field angle is only one tenth, i.e. ±1.5 arcmin instead of ±15 
arcmin. These spot-diagrams are for a flat field, since the field curvature effect 
is negligible over this small field. Since the astigmatism is also negligible, these 
spot-diagrams effectively represent pure coma. 



d) Telescopes with a spherical primary. As with the other solutions, 
this form also exists in both Cassegrain and Gregory form. The Cassegrain 
form with a spherical primary is termed the Pressmann-Camichel form by 
Rutten and van Venrooij [3.12(a)], but this nomenclature has not been so 
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Fig. 3.6. Spot-diagrams for a DK Cassegrain telescope with the geometry of the ESO 3.5 m NTT (f/11; m 2 = —5) for a flat field. 
Compare with Fig. 3.4 where the field is 10 times larger 
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generally applied as that of the Dall-Kirkham (DK) above. We shall designate 
it as the SP (spherical primary) solution. The manufacturing advantage of 
a spherical primary is obvious. However, the ease of testing concave primaries 
compared with convex Cassegrain secondaries makes this solution, in general, 
less attractive for amateurs than the Dall-Kirkham, particularly as the field 
coma is far worse, as we prove below. Spherical primaries have more interest 
for the largest professional sizes, particularly in segmented construction (see 
RTO II, Chap. 3). The SP form has great generic interest in connection with 
more sophisticated telescope solutions using more mirrors, as we shall see in 
§ 3. 6. 5. 3. But 2-mirror SP solutions have also been proposed, for the giant (25 
m) USSR telescope in the 1970’s, or more recently for the French TEMOS 
project of more modest size, for which the enormous field coma was to have 
been corrected by refracting field correctors near the image, a very difficult 
undertaking as we shall see in Chap. 4, or by additional mirror correctors 
avoiding chromatic aberration. 

The 2-mirror SP telescope is defined by {bsi)gp = 0 in the equation (3.59) 






SP 





Csp + L^sp 



= 0 



C and ^ are defined by (3.30) and (3.41), giving 




i(m2-l-l)^ I /m2-l 
4 I V m2-fl 



(^s2) 



SP 



(3.136) 



This leads to the necessary form of the secondary as 

T / m ^ ^ 1 ^ ^ 

{bs2)sp 



/ / m2 
L \ m2 -f 1 



m2 - 1 
m2 -t- 1 



(3.137) 



From (3.93), the second term is the form for the secondary of the classical 
telescope so that we may write (3.137) in the form 

3 



{bs2)sP = {bs2)cl + -j- 



m2 

m2 -b 1 



(3.138) 



With the normalization and geometry of Table 3.2, Case 6, with m 2 = —4 for 
the Cassegrain form, {bs 2 )d = —2.77778 and the additional term is -flO. 53498 
giving 



{bs2)sp,Cass — -1-7.75720 , 

as given in Table 3.2. From Eqs. (3.12) and (3.13), this corresponds to an 
oblate spheroid of high asphericity. As for the DK case, Eq. (3.138) can be 
transformed into the non-singular, general form for the afocal case 

[bs2)sp = [bs2)ci + -^ ( , (3.139) 

Ra \m2 + IJ 
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in which 

J- = /i 

Ra fi - di 

from Eq. (2.72). 

In the Gregory case, [bs 2 )ci = —0.36000, while the second term in (3.138) 
gives with / = — 1 and m 2 = +4 in the normalized case of Table 3.2 the 
value —2.27556. The total gives 



{bs2)sP,Greg = —2.63556 , 



a modest hyperbola, a much easier form to test and make than the convex 
oblate spheroid of the equivalent Cassegrain form. 

Since — 0, the field coma of the SP form is given from Eq. (3.60) or 
Table 3.5 by 



From (3.41) and 



-difsp - y 



ILprl 



(3.137), this reduces to 

3 



_l_ L ^ dirr4\ 



2L ) 



Uprl 



(3.140) 



(3.141) 



the second term in the round bracket being the supplement compared with 
the classical telescope. With the normalized geometry of Tables 3.2 and 3.3, 
this supplement is very large, giving in the Cassegrain case 

=-14.27778, 

/ SP^Cass 

a value some three times higher than that of the equivalent DK and nearly 
thirty times higher than that of the classical telescope (Table 3.3, Cases 3 
and 6). 

In the afocal case, substitution of the relations (2.55) and (2.72) in (3.141) 
leads to the non-singular form 



which can also be deduced at once from Table 3.6 and (3.137). 

We now derive the field astigmatism of the SP form. We assume, as for 
the DK form, that the stop is at the primary: otherwise there will be a very 
large stop-shift term from the third term of (3.61) because of the huge value 
of iESii)sP- Then 



(E«-») 



SP,0 




y (/ + di) + 



^prl 



(3.143) 
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giving from (3.41) and (3.137) 

2 



(5^5///) 

/ sp,o 






-^prl 



(3.144) 



With the geometry and normalization of Tables 3.2 and 3.3 
(y^ Sill) = +3.58333 - 11.86420 = -8.28087, 

/ SP,o 



Cass 



the second term being the change compared with the classical telescope. 
Apart from the huge coma, we see there is also a serious increase in astigma- 
tism. 

In the afocal case, Eq. (3.144) reduces with the usual substitutions from 
(2.55) and (2.72) to the non-singular form 
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l/J 


[4Ra(A-A)J 



Uprl ) 



(3.145) 



a result which can also be derived at once from Table 3.6 and Eq. (3.137). 
Also, from (2.72), 

Ra = (A-rfi)/A 



We see that the SP form is afflicted not only with much worse coma than 
the DK form, but also with far more astigmatism. The field curvature is the 
same as for the other solutions. It is therefore rarely a useful practical form 
as such, but has great interest as a feeder telescope for more complex systems 
(see §3.6.5.3). 

Finally, Fig. 3.7 shows the spot-diagrams for the SP solution with the 
same geometry (NTT) as in Fig. 3.6. Again with a circle of 1 arcsec, the field 
is limited by the coma to only about ± 20 arcsec. As with the DK solution, 
the spot-diagrams show pure coma only, since both astigmatism and field 
curvature are negligible at this field. 



3. 2. 6. 4 General conclusions on 2-mirror telescopes from Tables 3.2 

and 3.3. The aberration theory above, combined with the geometrical ad- 
vantages of the telephoto effect treated in Chap. 2, reveal why the Cassegrain 
geometry, above all in RC or classical form, has become the standard solution 
for modern telescopes. The advantage of the RC form increases with angu- 
lar field and inversely with m 2 . The DK solution is of interest for amateurs, 
and also for low-cost professional telescopes if a limited angular field is ac- 
ceptable. The SP solution will rarely have practical interest as such, but the 
theory has great interest for its use as a feeder telescope for other solutions 
(see § 3. 6. 5. 3). 

The equivalent Gregory forms are longer and will only be interesting be- 
cause of three properties: the real primary image for solar telescopes, the 
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Fig. 3.7. Spot-diagrams for an SP Cassegrain telescope with the geometry of the ESO 3.5 m NTT (f/11; m 2 = —5), for a flat field. 
Compare with Fig. 3.6 with field 4^ times larger and Fig. 3.4 with field 45 times larger 
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technical simplification in manufacture and test of the concave secondary 
compared with the convex secondary in the Cassegrain case, and the sign 
of the field curvature which is favourable for the compensation of that of 
auxiliary instruments. 

It should be remembered that the technical price for the compactness of 
the Cassegrain telescope compared with the longer 1-mirror telescope is the 
associated problem of the severe centering tolerances (see §3.7.2) unless the 
centering is actively controlled (see RTO II, Chap. 3). But the RC form of 
the Cassegrain offers a field correction which is impossible with a 1-mirror 
telescope. 

3.2.7 Other forms of aplanatic 2-mirror telescopes 
(Schwarzschild, Couder) 

3. 2. 7.1 The Schwarzschild original aplanatic telescopes. The fun- 
damental contribution of Schwarzschild in 1905 [3.1] with the extension of 
aberration theory to field aberrations of reflecting telescopes was briefly dis- 
cussed in § 3. 2. 6.1. Its significance has been further discussed from a historical 
viewpoint by the author [3.13]. Schwarzschild set up Eqs. (3.109) and (3.114) 
defining an aplanatic telescope in a somewhat different form and thereby 
recognised their validity for any chosen geometry. His initial aim, however, 
was more ambitious: he sought a 2-mirror solution permitting the correction 
of the first 4 Seidel conditions. Si = Su = Sm = Sjv = 0. In fact, his 
equations led him to such a solution, but he realised at once that it was 
not practicable for telescopes since the primary is convex, giving a secondary 
larger than the primary. Nevertheless, this solution has found application 
in somewhat modified form in spectrograph optics under the name “Bowen 
camera” . 

Having satisfied himself that no practical 2-mirror solution was available 
which satisfied more than the two conditions given by the “Schwarzschild 
theorem”, Schwarzschild then sought an aplanatic solution (S'/ = Su = 0) 
giving a “fast” telescope (f/3.0) for the slow photographic emulsions of the 
time. Had he applied his equations to the Cassegrain geometry of the 60- 
inch reflector for Mt. Wilson, under construction at that time by Ritchey, 
he would certainly have identified the RC solution seventeen years before it 
was formally published by Chretien [3.14]; although Chretien states elsewhere 
[3.21] that studies were already proceeding at Mt. Wilson in 1910, confirming 
the review of the situation given in §5.2. Since the 60-inch reflector had 
a primary of f/5 and m 2 = —3, the field coma as a classical telescope was by 
no means negligible, so the advantage of an aplanatic solution would already 
have been clear in 1905. But, for Schwarzschild, the resulting aperture ratio 
of f/15 was much too slow. 

Before we consider Schwarzschild’s aplanatic system, it is most instruc- 
tive to repeat his argument proving the impossibility of a practical telescope 
fulfilling the four conditions '^Si = Su = ^ Sm = ^ Siv = 0. 
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The aplanatic requirement Sj = '^ Su = 0 is embodied in the apla- 
natic solution of §3. 2. 6 . 3 (b) above, by the Eqs. (3.109) for 6^2 and (3.114) 
for bsi- For ^ Sm = 0, we must satisfy from (3.119) 



o 

II 

+ 


(3.146) 


giving 




di = - 2 /' 


(3.147) 


For ^ Siv = 0, we have the condition from Table 3.5 




1 7712 + 1 7712 + 1 

f'l L m2f'i - 7712^1 




from (2.75) and (2.55), which reduces to 




/l = - 7712^1 


(3.148) 


or 




{/if = -fdi 


(3.149) 


Substitution from (3.147) then gives 




f'l = ±/V2 


(3.150) 


Now from (2.72) 




II 

1 


(3.151) 


giving with (3.147) 




Ra = 1±V2 


(3.152) 


or 




Ra = - 0.4142 or + 2.4142 


(3.153) 


Consider the first value Ra = —0.4142 from the negative root of (3.150) 
and (3.153). This is normal in that |i?^| < 1, implying that the secondary is 
smaller than the primary and that the primary is concave. From (3.150) 


f'l = -f'^ 


(3.154) 


Since fi is negative, / must be positive and from (3.147) 




di = + fii/2 


(3.155) 



As must be the case, di is negative like fi and |di| > \f[\. The telescope 
is then a Gregory form with a real primary image. However, the secondary 
must be convex with the same curvature as the primary to satisfy ^ Sjv — 0 , 
giving a virtual final image and the positive final / required by (3.154). The 
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form is therefore useless for a 2-mirror telescope since it does not form a real 
image. 

Consider now the positive value Ra — -1-2.4142 arising from the positive 
root of (3.150) and (3.152). Ra > 1 implies that the secondary is larger than 
the primary, which is now convex with positive, i.e. no intermediate real 
image. From (3.150) 

f[ = +/V2, (3.156) 

implying that / is positive with positive. From (3.147), it follows that 

di = -2/' = -/;^/2 (3.157) 

and is the required negative quantity. Figure 3.8 shows the resulting system. 
To give X] Siv — 0, the secondary must be concave with the same curvature 
as the primary. The magnification m 2 of the secondary is given from (3.148) 
and (3.157) by 

m 2 = -b 0.7071 (3.158) 




Fig. 3.8. Karl Schwarzschild’s first impractical telescope 
solution fulfilling four Seidel conditions [3.1] 



The “axial obstruction ratio” was given by (3.152) for the positive root as 

Ra = 2.4142 , (3.159) 

meaning that, without field and with the stop at the primary, the hole in M 2 
produces a linear obstruction of 1/2.4142 on M 2 or {Ra )2 — 0.4142. Since 
the final image is formed behind Mi, there is also a linear obstruction ratio 
{Ra)i from the hole in Mi given by 

{Ra)i = 2.4142 



(3.160) 
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giving from (2.75) 

{Ra)i = 0.4142 , (3.161) 

the same value as for {Ra) 2 - Since Schwarzschild was interested in an angular 
field of several degrees, in order to profit from the excellent theoretical correc- 
tion potential, the actual obstruction seemed prohibitive. Also, a secondary 
larger than the primary at once excludes the solution in practice for telescopes 
of significant size. Its physical length L = 2.4142/ is also unfavourable. How- 
ever, it does have the characteristic, essential for Schwarzschild at the time 
of being “fast” ; a merit which explains its use in spectrograph cameras. 




Fig. 3.9. Karl Schwarzschild’s original aplanatic telescope (1905) 
[3.1] [3.13] 



Schwarzschild’s conclusion that no practical 2-mirror telescope solution 
existed correcting four Seidel conditions was of fundamental importance in 
the development of reflecting telescope theory. 

Having abandoned the aim of a 2-mirror telescope system correcting four 
Seidel aberrations, Schwarzschild decided to seek a solution based on the 
Schwarzschild theorem (§3. 2. 6.1) in which 2 aspheric mirrors could always 
correct the two conditions ^ Sj and ^ Sjj. He accepted the presence of finite 
astigmatism and field curvature, but imposed the condition that their opti- 
mum combination should give a flat field. He sought a system of a “speed” 
(f/3.0) which was quite revolutionary at the time, bearing in mind that a pri- 
mary of f/5 was considered “fast” and that Cassegrain foci were rarely faster 
than f/15. He therefore considered a number of Cassegrain systems using 
a concave secondary ^ to achieve the desired high relative aperture of f/3.0, 
a speed becoming available in photographic objectives. This had two conse- 
quences: the final image position lay between the mirrors (Fig. 3.9) and the 

® Because of the concave secondary, the Schwarzschild aplanatic telescope is some- 
times referred to as a Gregory form. This is quite wrong as there is no real 
intermediate image: it is simply a Cassegrain telescope with \ni 2 \ < 1. 
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magnification of the secondary m 2 was in the range 0 > m 2 > — 1. The rel- 
atively short focal length implied that existing plate sizes could cover a field 
of several degrees and thereby fully exploit optimum field correction. After 
a careful analysis of the obstruction and vignetting aspects, including those 
of the plateholder, Schwarzschild proposed the system of Fig. 3.9 which bears 
his name. 

Complete data, as given by Schwarzschild and normalized to / = -|-1, are 
given in Table 3.7. The aplanatic condition is defined from the given geometry 
by Eqs. (3.109) and (3.114) for {bs 2 )Apian and {bsi)Apian respectively. The 
secondary magnification m 2 is -1-1/ — 2.5 = —0.4 from (2.55), while L — -1-0.5 
from (2.75) and Ra = -t-0.5 from (2.72). The power of the secondary is defined 
by (2.90) as -fO.83333. 



Table 3.7. Schwarzschild’s data for the aplanatic telescope of Fig. 3.9 



f 


= 


+ 1 


Di 


= 


0.33333 


Final f/ratio (ignoring obstruction) 


= 


f/3.0 


Effective final f/no (with obstruction) 


= 


f/3.5 


fi 


= 


-2.5 (f/7.5) 


di 




-1.25 


L 


— 


+ 0.5 


Ra 


= 


+0.5 


h 




+0.83333 


&sl 




-13.5 


bs2 




+1.96297 


Sagittal astigmatism (field ± 1°) 


= 


—7 arcsec 


Tangential astigmatism (field ± 1°) 


= 


+9 arcsec 



In its geometry, the Schwarzschild telescope suffers from the major draw- 
backs of a relatively high obstruction ratio (> 0.5 with the field effect), a sys- 
tem length of 1.25/ and, above all, the exposed position of the final image 
which is difficult for baffling and awkward of access. For the telescope sizes 
of his time, however, these latter two drawbacks were less serious than they 
are today. The given geometry was determined by the effective “flat-held” 
condition as follows. 

The astigmatism of an aplanatic telescope is given from Eq. (3.119) by 

giving for the Schwarzschild values of / , di and L and the usual normaliza- 
tion with yi — Upri = 1 the value 

(VSzzz) =+0.75 

J Schw. 
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Table 3.8. Comparison of the essential parameters in the evolution 
of the aplanatic telescope (from [3.13]) 



Form 


Primary 

f/no 


m2 


Final 

f/no 


^sl 


bs2 


Schwarzschild 


f/7.5 


-0.4 


f/3.0 


-13.5 


+1.963 


(1905) 

Chretien 


f/2.6 


-2.5 


f/6.5 


-1.147 


-7.605 


(1922) 
Modern RC 


f/2.0 


-4.0 


f/8.0 


-1.036 


-3.160 



From Table 3.5, the field curvature is given by 



Y,Siv = 



m2 

T 



TO2 + 1 



(3.163) 



giving for the normalized system 






= - 1.6 



Schw. 



From the last column of Table 3.3, the effective field curvature is given by 
EFC = 2^Sni + ^Siv , (3.164) 

giving 

(EFC)se?.^. = +1.5 - 1.6 = -0.1 , 



a value accepted by Schwarzschild as negligible. This small undercorrection of 
^ Sjv by 2 ^ Sill accounts for the small imbalance of the angular sagittal 
and tangential astigmatism values quoted in Table 3.7. The very large resid- 
uals (by today’s standards) of —7 arcsec and +9 arcsec respectively reflect 
the coarse emulsions of the time. They also demonstrate how desirable was 
reduction of astigmatism in addition to aplanatism. 

If 7712 is maintained unchanged (that is, the final f/no is unchanged) while 
L and Ra are reduced to improve the obstruction, then |di| increases from 
(2.75) and reduces from (3.162). But the negative value of 

increases rapidly, giving a rapid increase in the negative EFC residue from 
(3.164). Thus the effective flat-field condition forced Schwarzschild to accept 
the relatively high obstruction ratio. We shall see below that the Couder 
modification, which abandons the flat-held condition, opens up further pos- 
sibilities. 

The asphericities represented by bsi and bs 2 are relatively extreme forms. 
However, the hyperbolic form of the primary is not excessive in its deforma- 
tion because the curvature is weak (f/7.5), as given by Eq. (3.11). The oblate 
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spheroid of the secondary is, in practice, much more difficult because of test 
problems of this form.^ 

Table 3.8 gives a comparison of some fundamental parameters showing 
the evolution of the aplanatic telescope from Schwarzschild to modern tele- 
scopes, taken from ref. [3.13]. The modern RC telescope has a high value 
of 7712 cnid a primary form scarcely departing from the parabola. The hy- 
perbola on the secondary is also modest compared with the original RC of 
Chretien. The trend is determined by the increasing value of |77i2|, resulting 
from steeper primaries and a final f/no which would have been too slow for 
the emulsions available to Schwarzschild. With large [ 7772 j, the aplanatic so- 
lution is converging rapidly towards the common aplanatic/classical form of 
the afocal telescope. 

Having derived his aplanatic, effective fiat-field solution from third order 
theory, Schwarzschild applied the Abbe sine condition and his “Winkelei- 
konal” to the calculation of the total optical path of the rays forming the 
image in the field - see §3. 2. 5. 2. He thus calculated the higher order aber- 
ration effects, a beautiful and complete analysis of the imaging properties 
of the system in the pre-computer age. The constant optical path require- 
ment was expressed as a differential equation in terms of polar coordinates 
of the secondary mirror. This led to an explicit analytical form for the polar 
equation of the secondary and then for the primary. Conversion to Cartesian 
coordinates and application of the sine condition of Eq. (3.84) led to explicit 
expressions for the forms of the two mirrors as a function of the aperture 
angle U' . These were then converted into infinite series giving the require- 
ments for the correction of successive aperture orders of spherical aberration 
and coma, the terms up to y'^ agreeing with those deduced from third order 
theory. An excellent treatment of the general approach of such methods, all 
a consequence of the Fermat principle discussed briefly in §2.2.2, is given by 
Schroeder [3.22]. 

Figure 3.10 shows the spot-diagrams for the original Schwarzschild tele- 
scope for an aperture of 1 m with f/3.0 and a field of ±1°, plotted on a flat 
field as he intended. The astigmatic limitation, growing with the square of 
the field according to Eq. (3.21), is very evident. 

Schwarzschild’s proposed form was the logical solution for his time, a fast 
system with a relatively slow primary. According to Dimitroff and Baker 

The reason why an oblate spheroid form is normally more difficult to test lies 
in the technology of null-testing. This fundamentally important test technology 
is treated in §§ 1.3.4 and 1.3.5 of RTO II. A negative Schwarzschild constant 6s 
(the normal case for telescope mirrors) requires a positive lens to compensate its 
aberration. A positive lens also forms a real image, which is essential in the test 
procedure. However, a positive 6s, corresponding to an oblate spheroid, requires 
a negative lens for compensation, producing a virtual image. A real image can 
then, in most cases, only be produced by a further (spherical) concave mirror, 
since positive lenses neutralize the desired aberration of the negative lens. The 
natural compensation for a negative 6s is illustrated by Eq. (1.77) in RTO II. 



2 arcsec 
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3.10. Spot-diagrams for the Schwarzschild telescope 1905 [3.1] for an aperture of 1 m with f/3.0 
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[3.23(a)], two such telescopes of significant size with 24-inch and 12-inch 
apertures were made between the world wars in the United States. It seems 
unlikely this system will be manufactured again today, except perhaps in the 
Couder modification discussed below. But the precise form of the original 
Schwarzschild proposal is completely unimportant. His aims were later satis- 
fied by Schmidt telescopes, and either by the primary foci of large telescopes 
with field correctors, or by Cassegrain foci with focal reducers. The funda- 
mental importance of his work was the theoretical formulation in third order 
theory which opened the design path to all modern telescope solutions. 

Before we leave the subject of the original layout of aplanatic telescopes, 
it is instructive to follow the elegant graphical demonstration of the appli- 
cation of the sine condition to their design given by Danjon and Couder 
[3.24(a)], from which Fig. 3.11 has been reproduced in our nomenclature. The 
illustration refers to the RC modification of a classical Cassegrain, but the 
construction would apply to any other aplanatic modification. In Fig. 3.11, 
Ml and M 2 represent the poles of the mirrors of a classical Cassegrain tele- 
scope forming an image at I 2 . The principal plane in the Gaussian sense is 
PqP'q, giving /' = Pl)I '2 - ^ finite height Yi from infinity strikes the RC 

primary at Arc and is reflected from the RC secondary at Brc to P^- From 
the sine condition, obeyed by the aplanatic RC telescope, the projection of 
P^Bfic back to the incident ray must cut that ray at P'^iq, a point on the 
sphere PqPjic centered on according to the relation 



Ti 

AnU'nc 



= f 



(3.165) 




Fig. 3.11. Geometrical construction from the sine condition of the form of an RC 
telescope compared with a classical Cassegrain (from Danjon and Couder [3.24(a)]) 
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from Eq. (3.85). Now, as stated in § 3. 2. 5. 2 above, the elegant and simple form 
of the Abbe sine condition reveals that it takes account of all the aberration 
orders of coma in the aperture, although only the third order in the field. It 
is therefore a fundamentally different mathematical formulation of aperture 
aberrations from that of the Characteristic Function and third order Seidel 
theory. This is why the conversion from the sine condition to the correspond- 
ing third order coma, leading to the Staeble-Lihotzky condition, is by no 
means trivial. We require a similar transformation here to demonstrate the 
geometrical consequences of Fig. 3.11. 

The treatment is much simplified if we apply an equivalent normaliza- 
tion to that of Table 3.2, but adapted to this special case, for which the 
second principal plane of the system PqPq must be replaced by the refer- 
ence sphere PqPjic for aplanatism. For the aperture aberrations spherical 
aberration and coma, the only limitation to the aperture is when the refer- 
ence sphere becomes a complete hemisphere. The maximum possible aper- 
ture angle U' is then 90°. We shall therefore start with the normalization 
f = Yi = sin U' = 1, where Yi and sin U' are real ray parameters normalized 
to 1 at the maximum aperture. The enormous reduction of Y\ and sin U' 
in a real system will be applied later to link the conclusions with normal 
formulae for third order coma. 

For the classical Cassegrain with its slightly steeper (parabolic) primary, 
the incident ray meets Mi earlier at the point Ac- The classical secondary 
is also less eccentric than the RC form and therefore also lies to the left of 
the RC secondary. The result is, as shown, that the classical Cassegrain gives 
a slightly smaller (7^ angle than the difference being 5U' . This leads to 

the error 5f in the sine condition of 

-^ = r = l + 5f (3.166) 

sm Uq 

Treating smU'jiQ = 1 as a constant and differentiating Eq. (3.165) with re- 
spect to /' shows at once that 

= Sf 

This is the excess of the length of the chord of the projection of the reference 
sphere PqPq to the vertical through I 2 beyond the radius /' = 1 of the 
reference sphere PqP'hc- require the angular error SU' corresponding 

to this offence against the sine condition Sf. Differentiating Eq. (3.165) with 
respect to U' with constant /' leads to an indeterminate result (infinity) for 
SU' because at U' = 90° the reference sphere is orthogonal to the Gaussian 
Yi-axis PqPqI We must therefore replace the vertical axis by the reference 
sphere PqPjic measure Yi along this circle up to — 90°. Setting 
then 5Yi as the increment at = 90°, we have at once 

SU' = ^ and /' = 1 
f 
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It follows that, for this extreme normalized case with U' — 90° and U' nega- 
tive (see Table 2.2 and Fig. 3.11: with U' negative, 5U' is positive, also sinC/' 
is positive as shown in Eq. (3.165)), 

SU' = Sf (3.167) 

Now the sine condition requires that this condition be met by all zonal aper- 
tures smaller than this maximum. However, as we have seen, the reference 
to a Gaussian principal plane represented by the Yi-axis breaks down com- 
pletely at the limit angle V — 90°. In fact, the definitions relating to 5Yi 
are only strictly valid for the paraxial region. Beyond that, as Fig. 3.11 shows 
for a large angle U' , the reference to the Yi-axis no longer gives the same 
simple results for 6f and 5U' in terms of (5Yi, as revealed at once by Eqs. 
(3.165) and (3.166). This is because of higher order aberrations above the 
third order, which are automatically taken account of with the sine condition 
and the reference sphere PqPjic- zonal rays, the terms emerging from 
Eqs. (3.165) and (3.166) involve trigonometrical functions which are incon- 
venient for conversion to normal third order aberration formulae. However, 
Eq. (3.167) provides a very convenient link. Since third order formulae are 
entirely based on paraxial parameters, the approximations involved are com- 
pletely acceptable. We must also bear in mind for the construction of Fig. 3.11 
that normal modern RC telescopes rarely have a final image f /no N < 10. 
Ritchey’s first major RC telescope (see §5.2) was exceptionally fast (//6.8) 
for photography at that time. With N = 10, sint/^^^ = 0.05, = 3.18° 

and cosU'j^Q — 0.9987, a negligible difference from 1 and proving the high 
accuracy of third order theory for such telescopes when marginal ray data 
is used to establish the paraxial parameters used in third order aberration 
formulae. 

We consider now Fig. 3.11 from the point of view of such real apertures. 
For the classical telescope, the projection of the emergent ray meets the 
incident ray at P^ instead of P^q and the circle PqPq has a longer radius 
than that required for aplanatism PqP^ = 1- Since cost/' ~ 1, the extension 
Sf is given by 

Sf = P'j^cP'c 

To the first order, PjicPc given from Eq. (3.11) by 

PkcPh = ^a-Cc)=Sf , (3.168) 

where Cc is the curvature for the classical Cassegrain and 1 the curvature 
required for aplanatism. 

If we now consider an oblique beam at a small field angle producing 
field coma in the classical Cassegrain, then the angular aberration of the 
equivalent oblique finite ray to the ray P'j^f^Anc which defines the sagittal 
coma is simply SU', the equivalent angular aberration to Sf in Eq. (3.168). 
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We shall show in § 3.3.2 that, with the focal length normalization of Table 3.3 
and of Eq. (3.166), the radius of the angular coma in the sagittal section is ® 

5U' = - ^ , (3.169) 

giving, from Eqs. (3.167) and (3.168) 

Y^Su = -(1-Cc) (3.170) 

But, from Eq. (3.94), we have for the classical Cassegrain 

(3.171) 

in our normalized case, giving finally from Eq. (3.170) 

Ce = (3.172) 

It follows that, for the classical Cassegrain, the locus of points Plj for different 
incident ray heights falls on the circle of radius 2/ instead of / as required 
for aplanatism, i.e. that 

P'rc^'c — 2^P'^c^g) (3.173) 

The above construction shows clearly the difference in geometrical func- 

tion of the aplanatic RC telescope from the classical Cassegrain. If the same 
construction is performed for the spherical primary (SP) telescope, the inci- 
dent ray is reflected from the primary at Agp and meets the oblate spheroidal 
secondary at the point Bsp well below Be- The corresponding sphere PqP'sp 
then lies well to the left of the plane PqPq- 

3. 2. 7. 2 The Couder 2-mirror (aplanatic) anastigmat In 1926, Couder 
[3.25] [3.24(b)] proposed a modification of the Schwarzschild telescope above 
in which ^ Sjv was left uncorrected, but ^ Sm was reduced to zero by 
applying the condition (3.146) also given by Schwarzschild 

® Equation (3.169) is the normalized equivalent of Eq. (3.198) below for 
{dUp)coma , which, however, gives the diameter of the angular aberration, 
whereas (3.169) gives the radius. Eq. (3.198) also supposes yi = Um, the maxi- 
mum aperture height. If yi A Vm., then (3.198) assumes the general form 

(Si ' \ f y^\ 

{oUpjcoma^ - „ ( ) 

ym y t/m y 

If, with our present normalization, we set ym = f = 1, then (apart from 
the factor 2 because we now express the radius of the angular aberration), the 
general form of (3.198) is identical with (3.169). As a result of the normalization, 
Yi is dimensionless, so that Eq. (3.169) is dimensionally correct. 
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di = -2/' , 



(3.174) 



which results from Eq. (3.119) for (^ Sm) Apian- Couder argued that ^ Siv 
could be corrected by a positive field-flattening lens. We shall consider such 
correctors in detail in Chap. 4. This is optically a much superior solution to 
Schwarzschild’s. However, a severe price is paid in the length of the system: 
2/ instead of 1.25/ in the case of Schwarzschild. In practice, a further 
tube extension is required in both cases to prevent direct light reaching the 
detector. In the Couder case, a total tube length of about 2.5/ is needed. 

The Couder telescope is defined by the zero-astigmatism condition (3.174) 
of the aplanatic telescope, together with the conditions (3.109) and (3.114) 
defining the mirror forms to give aplanatism. If (3.174) is substituted in these, 
together with (2.75), we can derive at once 



{^sl)coud. 



{hs2^Coud. 



-l-b 



1 -b 2m2 \ 

ml ) 



\?7l2 -t- 1/ (m2 -b 1)^ 



(3.175) 

(3.176) 



relations which leave m 2 as a free parameter to be chosen. Couder gave this 
system the same final f/no as Schwarzschild, f/3.0, and for a normalized 
/ = 1 defined /^ = —3.25, thereby determining 

m 2 = -0.30769 



from (2.55). The primary thus has an even weaker curvature (f/9.75) than 
the Schwarzschild telescope. The values of {bsi)coud. and {bs 2 )coud. are, from 
(3.175) and (3.176), —14.204 and —0.554 respectively. The first value is not 
excessive because of the weak curvature. From (2.75) and (3.174), we have 

Lcoud. = f'{l + 2m2) , (3.177) 

giving Lcoud. = Ra = + 0.38462 since / = 1. Similarly, from (2.90) and 
(3.177) 

{f' 2 )coud. = , (3.178) 

V m 2 -b 1 / 

giving /2 = -bO. 55556. 

This leads to the Couder telescope shown in Fig. 3.12 and the construc- 
tional data of Table 3.9. Although the design is essentially similar to the 
Schwarzschild telescope, the Couder system is obviously markedly longer. 
The field curvature of the Couder telescope is given from Table 3.5 with 
= 1 as 

a \ (m 2 + l\ f m 2 + l \ 

\^^iy)coud. "V/'j [ L ) ~ [fj [r{2m2 + i)) 

(3.179) 
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Fig. 3.12. The Couder (aplanatic) anastigmatic telescope (1926) 
[3.25] 



from (3.177). The above data give 

(y^ Siv) = - 2.108, (3.180) 

a higher value than for the Schwarzschild telescope because M 2 is steeper 
although the Couder primary is less steep. The Couder system has the im- 
portant advantage that the obstruction Ra is significantly less. Even with 
the field supplement for a field of ±1.5° (with the stop at the primary), the 
total linear obstruction is only 0.49. 

In the Couder version with Di = 0.8 m, the above angular field gave 
a diameter of 126 mm for the field flattener. With a refractive index of 1.52, 
he gave a thickness supplement at the centre relative to the edge for a plano- 
convex lens of 5.07 mm. Of course, refractive correctors introduce chromatic 
aberrations, above all transverse aberration - see Chap. 4. 

The Couder telescope, fulfilling the three conditions Si = Sii — 
X] Sill — 0, is the best 2-mirror solution in focal form from the point of 
view of imaging potential. But it has been hardly used because of its exces- 
sive length and poor baffling characteristics. It is highly significant that its 
optical length (without baffle extension) is 2/ , exactly the same as that of 
the Schmidt telescope which also fulfils the above three aberration conditions. 
But the Schmidt has a spherical primary and field curvature less than half 
as great. Also the detector in the Schmidt is facing away from the incident 
light, a much more favourable baffling situation. On the other hand, the con- 
cave secondary of the Couder telescope, with its modest elliptical form, is far 
simpler to make than a large achromatic Schmidt plate. 

Of course, the Couder telescope becomes more compact if its focal length 
is reduced by making it steeper, say f/1. But the solutions with more mirrors, 
discussed in § 3. 6. 5. 3, are more compact and flexible in their designs. It seems, 
therefore, that the Couder telescope will remain an important theoretical 
limit case but will rarely be utilised in practice. 

Figure 3.13 shows the spot-diagrams for the Couder telescope for an aper- 
ture of 1 m with f/3.0 and a field of ±2.0°, plotted for the optimum curved 
field of radius ±1418 mm. The improvement in quality over the Schwarzschild 
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Fig. 3.13. Spot-diagrams for the Couder teiescope (1926) [3.25] for an aperture of 1 m with f/3.0 
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Table 3.9. Constructional data of the Couder 
anastigmatic telescope (1926) [3.25] 



r 


= +1 


Di 


= 0.33333 (f/3.0) 


di 


= -2 


fi 


= -3.25 (f/9.75) 


rri2 


= -0.30769 


L 


= +0.38462 


Ra 


= +0.38462 


D 2 


= 0.1633 (for field ± 1.5°) 


/2 


= +0.55556 


iJ^sl^Coud. 


= -14.20358 


{bs2)coud. 


= -0.55417 



solution is striking, but the curved field must be borne in mind in making this 
comparison. Also, at this relative aperture, the obstruction supplement due 
to the field is so large that the image potential is not exploitable in practice 
without serious vignetting. 

Finally, the question may legitimately be posed, since the equations for 
an aplanatic telescope are perfectly general for both Cassegrain and Gregory 
forms, whether a Couder anastigmatic form exists as a Gregory telescope with 
a real intermediate image. The answer is given by Eq. (3.174) defining the 
condition for freedom from astigmatism in an aplanatic telescope. Since / 
must be negative for the Gregory form, it follows from (3.174) that di must 
be positive. But this means that M 2 must lie behind the concave primary 
and can only form a virtual image of the real primary image. Indeed, the 
secondary mirror is itself virtual, since the light from the primary cannot 
reach it! The virtual secondary M 2 is then larger than the primary. This 
geometry is confirmed from Eqs. (3.177) and (3.178) giving negative values 
for L and f 2 - 

It follows that a Gregory equivalent to the Couder anastigmatic telescope, 
giving a real final image, does not exist. This is the analogous situation to 
the virtual image Gregory form of Schwarzschild’s impractical telescope form 
of Fig. 3.8. 

3.2.8 Scaling laws from normalized systems to real apertures 
and focal lengths 

The above formulation of third order aberration theory is quite general, but 
we have seen that it is useful for the comparison of different systems to 
normalize as in Tables 3.2 and 3.3 with 
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Ul — — H” 1 



f = i' = ± 1 



for the focal case. The general form of the wavefront aberration function in 
the third order approximation was given by Eq. (3.21) as 



Wi{yuV') = 



1 ( Vi 



8 V Uml 

+i(— 

4 \ymi 






2 / / \ 2 
n 



2 \yml J \VmJ 
(3 ^iv) cos^ (j) 

+ (S ^iii + S ^iv) sin^ 4> 



1 / 2/1 



^ E^vcos 
2 \ymij \v. 



(3.181) 



The various powers of the ratios and (^) correspond simply to the 

terms and of the Characteristic Function of Eq. (3.16), ex- 

pressing the aperture and field dependence functions for the five Seidel aber- 
rations. The numerical factors and terms Si,^ Su, etc. correspond to 
the constants {i+n)k[m+n)i n in Eq. (3.16) and contain the information on the 
angular semi-aperture u', the focal length / of the system and the semi-field 
angle Upri in radians, as expressed in the formulae of Tables 3.4 and 3.5. 
There, the terms in (^) represent the various powers of u', the power laws 
being, of course, identical to those of in Eq. (3.181). Since all the other 

terms are dimensionless, while the wavefront aberrations all have the dimen- 
sions {length)^, the aberration coefficients etc. also have dimensions 

{length)^ and are linearly proportional to the focal length of the system. 
Similarly, all the geometrical quantities are proportional to the focal length, 
which thus defines the scale of the system. This is illustrated by the relation 
for E Si in Table 3.5 for a 2-mirror system 

E*^^ = ( 77 ) (-/'C + iC) , (3.182) 



in which ^ and ^ are dimensionless quantities. Substituting from (2.75) and 
(2.55) for L gives the form 









(3.183) 



expressing the linear dependence on / with otherwise only dimensionless 
quantities. 
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As an illustration of simple scaling, we will take Case 1 of Table 3.3, 
a single-mirror telescope with a spherical primary, giving for the normalized 
case 



(*S'/)norm — -)- 0.25 , {Sjj')norm — 0.50 



Suppose a practical system works at f/10 with a semi- field angle Upri of 1/100 
rad and has / = 1000 mm. Then 



Si 



+ 0.25 




+ 0.001562 5 mm 



Sjj = -0.50 = -0.000 625 0 mm 

\20^-100j 

These results illustrate how the very large coefficients for the normalized 
systems of Table 3.3, corresponding to the enormous aperture and semi-field 
of f/0.5 and Up^. = 1 radian respectively, reduce to values comparable with 
the wavelength of visible light when scaled to the dimensions of real systems, 
even though the real focal lengths may be much greater in the units chosen. 
The actual wavefront aberrations are further reduced by the numerical factors 
in Eq. (3.181). 

In the next section, the conversion formulae between wavefront aberration 
and the other common forms of aberration will be given. 



3.3 Nature of third order aberrations 

and conversion formulae from wavefront aberration 
to other forms 

The first four third order (Seidel) monochromatic aberrations are of funda- 
mental importance in the optical layout and design of modern telescopes. We 
shall see in Reflecting Telescope Optics II, Chap. 3.5, that they are equally 
important in performance and maintenance aspects. It is therefore essen- 
tial to have a clear idea of the physical meaning of these aberrations. Eq. 
(3.21) gave the general relation between the wavefront aberration and the 
third order aberration coefficients. Here we shall give the essential conversion 
formulae: a more complete treatment is given by Welford [3.6]. 



3.3.1 Spherical aberration (S'/) 



The first term of Eq. (3.21) gives for the spherical aberration term at the 
Gaussian focus: 



{W[)gf = g 



Si 



JL 

Vm 



4 



(3.184) 
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Fig. 3.14. Third order spherical aberration 
as wavefront aberration 



W'j varies, from Eq. (3.21), with y'^, where y is the height of the ray in the 
aperture, ym will be the value of y taken for paraxial calculations and is the 
maximum value defining the aperture of the system. Figure 3.14 shows this 
wavefront aberration relative to the nominal reference sphere (Fig. 3.1). The 
choice of focus is free: it does not have to be the Gaussian focus represented 
by the y-axis as the reference sphere to that focus. A change of focus is 
represented by the parabola shown by the dashed curve, i.e. a function of 
y^. If the parabola is such that it cuts the curve at ym, the wavefront 
aberration is clearly reduced. It is easily shown that 

(WI)bf = ^(WI)gf , (3.185) 

where (Wj)bf is the optimum (best focus) value corresponding to the case 
shown and (IF|)gf is the basic value referred to the Gaussian focus. The 
height in the pupil corresponding to the maximum of the residual zonal aber- 
ration (Wj)bf is ymlyf^ — 0-7071?/m and the reference sphere shown cutting 
the wavefront at height ym in Fig. 3.14 corresponds to a focus exactly halfway 
between the paraxial and marginal ray foci. It is also the focus of the zonal 
ray. This result is in fundamental disagreement with the best focus accord- 
ing to geometrical optics based on focusing rays, given below, and leading 
to a best focus (disc of least confusion) three quarters of the distance from 
the paraxial to the marginal focus. However, both the wavefront aberration 
and ray aberration treatments give a reduction of a factor of four of the 
paraxial focus aberration at their respective “best foci” . An admirably clear 
demonstration of the wavefront relationships is given by Gonrady [3.167]. 
The wavefront aberrations of Eqs. (3.184) and (3.185) have historically been 
applied to tolerancing on the basis of the Rayleigh A/4 criterion. This matter 
is treated in detail in §3.10.5. The Rayleigh criterion is only a rough cri- 
terion according to physical optics, the physically correct treatment being 
the Strehl Intensity Ratio based on the variance of the wavefront - see Eq. 
(3.464). However, Table 3.26 shows that, in the cases of defocus, third order 
spherical aberration and their combination, there is close agreement between 
the Rayleigh approximation and the more rigorous Strehl approach. The fac- 
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8s' 



Fig. 3.15. Third order spherical aberration: longitudinal and 
lateral forms 



tor 4 gain due to the optimum focus at the halfway focus is also given almost 
exactly by the Strehl treatment. 

The fact that geometrical optics loses its validity as one approaches the 
diffraction limit should always be borne in mind in the geometrical treatment 
of aberrations using ray paths near the focus. 

In elementary texts, spherical aberration is usually introduced as longitu- 
dinal aberration, a definition of value since there is no ambiguity of interpre- 
tation regarding focus compensation. Figure 3.15 shows the longitudinal and 
lateral forms of third order spherical aberration. The process of image forma- 
tion from the pupil to the image is a Fourier transformation [3.26] following 
differential equations given by Nijboer [3.27] [3.3]. The paraxial rays focus 
at the Gaussian image position the marginal rays at A. The longitudinal 
aberration is 

5s' = I' A 

If all rays are considered, the smallest diameter of the “tube” containing the 
rays is at B where 

AB = 5s' /A 

The diameter of the image (containing 100% of the geometrical energy) at 
the paraxial focus is SrjQp and the smallest diameter at B is 5rjgp. Then 
obviously 

^Vbf = z^Vgf ! (3.186) 

a result which corresponds to (3.185). 5r]pp is called the disk of least eon- 
fusion. From the Nijboer equations, it is easily shown that the longitudinal 
aberration is 

= -^{W'i)gf , (3.187) 

n u ^ 
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where u' is the semi- aperture angle and n', the refractive index in the image 
space, also takes account of the sign inversions resulting from the change of 
light direction caused by an odd number of reflections. Clearly 

St]qp = —2u 5s , 

giving, with u' = -yi/f, 

SVgf = - ^{Wi)GF = - -4 ^ Si , (3.188) 

n'yi n'yi 

where t/i is the semi-aperture of the telescope and is equal to ym in Eq. (3.184). 
This is the lateral spherical aberration (image diameter) at the Gaussian fo- 
cus. The disk of least confusion is therefore 

Svbf = ~^{W))gf = -j^Si (3.189) 

n'yi in'yi 

The angular form is usually more convenient. For the Gaussian and best 
focus, the angular aberration (image diameter) is from (2.101) and (3.184): 

{5u„)gf = — = — ^^(206 265) arcsec 
^ n'yi n'yi 

((5u„)bf = — , rad = — ^ (206 265) arcsec 

^ 4n'yi 4n'?/i 

where (FF;)gf = 1-5/ if yi = in (3.184). 

3.3.2 Coma (S/j) 

The second term of Eq. (3.21) gives for the coma term at the Gaussian focus: 

iW'ii)GF = ) Sn COS (ji (3.191) 

2 \ymj 

The linear field dependence {y'/rjrn) ™ Eq. (3.21) can be ignored as we are 
only concerned with the aperture effects governing the size of the image for 
any given field position giving the value Sii- For the wavefront aberration, 
the aperture law for coma is, from (3.191), a cube law giving the S-shaped 
aberration shown in Fig. 3.16. The vertical j/-axis shows the wavefront aber- 
ration relative to the Gaussian focus, which means in this case relative to 
its principal ray. If an oblique line is drawn through the origin, then this is 
equivalent to a tilt of the reference sphere, or simply that the aberration is 
referred to a height in the image plane different from that of the principal ray. 
If the tilted line is drawn at an angle such that it cuts the wavefront at ym, 
then it can be shown that the resultant wavefront error is minimized. This 
is the “best focus” equivalent of the spherical aberration case, although here 
the “focus shift” is a lateral one. The remarks made above concerning wave- 
front and ray aberrations for spherical aberration also apply here. Reference 



(3.190) 
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Fig. 3.16. Third order coma as wavefront aberration 



to Table 3.26 reveals that the Rayleigh criterion for the wavefront aberration 
in the case of coma is only a crude approximation to the true physical effect, 
although the optimum tilt factor of 3 is exactly reproduced. 

Since the tangential section of the optical imagery (the plane of the paper) 
has the aperture azimuth angles 0 and tt, the full wavefront aberration as 
shown in Fig. 3.16 is, from (3.191) 



{W'jj)gf = 2{W'ij)gf = Sii 


(3.192) 


It can be shown that 




{W'jj)bf = 2{W'jj)bf = ISjj 


(3.193) 




Fig. 3.17. Third order coma: lateral aberration form 
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The ray path for coma is shown in Fig. 3.17. The principal ray E'Ipj. 
emerging from the centre of the exit pupil cuts the image plane at The 

marginal rays intersect at the point either above or below depending 
on the sign of the coma. The upper ray has (j) = 0, the lower ray (j) — tt. The 
Nijboer equations lead to the following ray coordinates in the image plane, 
referred to Ip,., rj' being in the tangential section, ry' in the sagittal section: 



Sr]' = 



Sii 

2n'u' 



Ws = 



Sii 

2n'u' 




2 

(cos 2^ + 2) 

2 

sin 2(f> 



(3.194) 



If we take y = ym, have the coordinates of rays distributed round the 
edge of the pupil at azimuth angle (j). This leads to the classical transverse 
aberration of Fig. 3.18, known as the “coma patch”. The principal ray in- 
tersects at the point Ip^. This corresponds to the point E' at the centre of 
the pupil (right-hand diagram). Because of the double angle 2(p, both the 
marginal rays 1 in the t-section cut at the same point 1 in the coma patch. 
The ray coordinates lie on circles of radius 





Fig. 3.18. Third order coma: the “coma patch” 



2n'u' 



Sii\^ 

Vm 



whose centres are shifted from by 



1 



-,Sii I ^ 



i.e. by the diameter of the circle concerned. The circles nest within two lines 
tangent to all circles which meet at with an angle of 60°. 

The total extent of the coma patch in the t-section is called the tangential 
coma and is given for j/ = j/m by 



134 3 Aberration theory of telescopes 



Ipr^M = Comat 
from (3.194). With u’ 



2n'u' 

-yi/f- 



3 

n'u' 



(W'jj)gf , 



(3.195) 



Comat = -^Sn = ~ ^^{W'u)gf (3.196) 

2n'yi n'yi 

The sagittal coma, Coma^, is the diameter oi the circle corresponding to t/m, 
giving 



Comas = -4^Sii = -^{W'jj)gf 



(3.197) 



n'yi n'yi 

As angular aberration, by the same conversion as for spherical aberration, 
we have 



(H)coma. = -^^(206 265) = (206 265) arcsecl 

^ 2 n'yi n'yi I 

{5u'^)Goma = - — (206265) = -2 *-^^^^'^^ (206 265) arcsec 

^ " n'yi n'yi ) 

(3.198) 



if the parameter Upri, in the expression for Su (Tables 3.4 and 3.5), defining 
the field, is measured in radians. 

It should be noted that {W jj)gf, the full peak-to-peak wavefront aber- 
ration, is twice the wavefront aberration coefficient {Wjj)gf of Eq. (3.191). 
This factor of 2 exists for all aberrations dependent on cos" (j>{= cosncj)), i.e. 
all aberrations except the axisymmetric ones with u = 0 in Table 3.1. For 
most technical purposes, the wavefront coefficient {W'jj)gf is the more basic 
quantity, so it is used in the above relations. 

The coma patch, as defined above, contains 100% of the geometrical en- 
ergy. The 60° triangle enclosing the circles gives the characteristic asymmetric 
“flare” (Greek “coma” = hair) which makes coma the most damaging of the 
monochromatic aberrations. The best way to identify the direction (sign) is 
to remember that a Newton or Cassegrain telescope gives Su negative from 
Table 3.3 and has “inward” coma, i.e. the point of the coma patch corre- 
sponding to the principal ray is pointing towards the field centre, the flare 
away from it. 

Let us consider, as an example, the coma coefficients for a 1-mirror tele- 
scope or a classical 2-mirror telescope from Tables 3.4 and 3.5 respectively, 
for which the normalized coefficient with Spri = 0 is simply — “y- Then we 
have from (3.198) 

M - 3 fyiV -3/1 

[0Up)Gomat ~ 4 ( ^'^'CSeC — [jg^2 

where Upri is expressed in arcsec and N is the f/no. 



Upri arcsec , (3.199) 
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3.3.3 Astigmatism (Sm) and field curvature (S'/v) 



The third term of (3.21) gives the combined effect of astigmatism and field 
curvature at the Gaussian focus: 



{Wijj + W'jy)GF 



1 

4 





(35'/// + Siv) cos^ (f> 
+ (5/// + Siv) sin^ <(> 



(3.200) 



The factor {y/ym)'^ implies that astigmatism is essentially a defocus effect in 
the aperture, but the effect is dependent on the section in the pupil because 
of the cos^ (j) and sin^ 4> terms. As before, we can ignore the field dependent 
factor {rj' /rjm)^ since we are only concerned with aperture effects for a given 
field position. Eq. (3.200) transforms to 



(Will + W'iv)gf = 




{Sill + Siv) + 25/// cos^ 0 



or, with cos^ (j) = ^{cos2(f) + 1): 



{Wi 



III 



W'iv)gf = ^ 



(—) Sill cos 2(/> + J 
\ymj 4 




(25/// + Siv) 

(3.201) 



The first term here is the astigmatism effect, the second term the effective 
field curvature at the mean astigmatic image: 

2 



(ie; 



1 



IIIJGF 



y 



7 ( — ) Sill cos2<p 



{Wiv)gf = 7 ( — ) (25/// + Siv) 



(3.202) 

(3.203) 



This is why the quantity (2S/// + S/y) was calculated in Table 3.3. 

Consider first the astigmatism term. As with coma, the total wavefront 
aberration is 

{^iii)gf = ^ f — ) Sin (3.204) 

2 \ymj 

because cos 0 = + land cos tt = — 1. The positive focus change at azimuth 
0 is accompanied by a negative focus change at azimuth tt/ 2 because of the 
term cos2(/). Figure 3.19 shows the wavefront aberration {W'jjj)gf for the 
sections 4> — 0 and (p — tt/2. 

The practical consequence is shown in Fig. 3.20. The principal ray E'l^^ 
leaves the axis at the exit pupil at E' and cuts the image plane at Rays 
in the tangential section (plane of the paper) focus at the point on the 

tangential astigmatic surface, whereas rays in the sagittal section (at right 
angles to the plane of the paper) focus at 1^ on the sagittal astigmatic surface. 
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Fig. 3.19. Third order astigmatism: wavefront aberration 
reversal in the t- and s-sections due to the cos 2(p term 



Fig. 3.20 shows marginal rays, but the effect is also present for rays paraxial to 
the principal ray since defocus is a Gaussian error (first order), as was shown 
in Table 3.1. The longitudinal astigmatism I^Ig is therefore independent of 
aperture. The lateral astigmatism, by contrast, depends on the aperture: it 
reveals itself as the astigmatic lines. 

At the tangential focus I^, the rays in the s-section are out of focus and 
form a line perpendicular to the plane of the paper; at the rays in the 
t-section are out of focus and form a line in the plane of the paper along the 
s-surface. Figure 3.21 shows the effect in a symmetrical field and explains the 
origin of the terms “tangential” and “sagittal” . If we start by focusing well 
inside the tangential focus, the image will be a round defocus patch made 
slightly elliptical by the astigmatism with the long axis tangential. At the 
t-focus, it becomes a pure tangential line. Beyond this it becomes elliptical 




Fig. 3.20. Third order astigmatism: astigmatic surfaces and 
lines 
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Fig. 3.21. Tangentiai and radiai astigmatic iines at the t-focus and s-focus 
respectiveiy 



again with growing minor axis: at the geometrical image is exaetly round 
(if diffraction is considered, this is not true for small values of astigmatism 
- see §3.10). After the image becomes elliptical again with long axis 
radial, passing through the sagittal astigmatic line at J^. The behaviour of 
the astigmatic patch is most important in the practical analysis of telescopes 
since the changes through focus permit a good qualitative assessment of the 
astigmatism in the image. 

The distances I^It and Iprim given by 

^ ~ {in) 

IprIm = ~{y^i) 



(3.205) 



Since 1/u'^ = (/Vl/i)^ the coefficients Sm and Sjv always contain 
the factor {y\/ f'Y (see Tables 3.4 and 3.5), we see that these longitudinal 
measures are independent of aperture. If we now set y = for the edge of 
the pupil, then: 






^pr^m 



1 

1 




Sill 

{2Siii + Siv) 



(3.206) 



At the mean astigmatic focus J^, the image diameter is given by 

^Vast,m 



or 
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(3.207) 

^ yl 

The astigmatic lines have the length 

The angular aberration (diameter) of the round image at best astigmatic 
focus is 

{5ur,)ast m = — rad = —^^^(206 265) arcsec , (3.208) 

^ ’ n'yi n'yi 

again on the assumption, as for the coma case, that the field angle Upri 
contained (as in the expressions for Sm is given in radians. 

Similarly, the image diameter produced by the field curvature effect Ip^I^ 
is 

^VFC,m = + Siv), (3.209) 

^ Vi 

or in angular measure 

{5u )FCm = — (206 265) arcsec (3.210) 

^ ’ n'yi 



3.3.4 Distortion {Sv) 

The distortion coefficient Sv was not calculated in Table 3.3 or considered in 
the general formulations because it has little significance for the one- or two- 
mirror telescopes we have dealt with. Distortion can become more important 
if elements are introduced near the image, as we shall see in Chap. 4. In 
any event, the coefficient Sy can be readily calculated from the formulae in 
Eqs. (3.20) and (3.21). 

The wavefront form of distortion is very useful as the starting formula for 
calculating its value but is not, in itself, a very practical measure. Distortion 
is not an error of quality of an image point: it is simply in the wrong place 
compared with the linear scale of the system as defined by its focal length 
/' according to Eq. (2.102). So the wavefront aberration corresponds simply 
to a wavefront tilt whose value depends on the cube of the field size (see 
Eq. (3.21). 

Depending on its sign, distortion will be either “barrel” or “pincushion” , 
as shown by the distortion of a square field in Fig. 3.22. 

For astrometric work, fixed distortion in a system can normally be cali- 
brated out. If large distortion is present, a more serious consequence is pho- 
tometric. The pincushion distortion of prime focus correctors, for example, 
leads to a light intensity fall-off with increasing field radius, an effect which 
can be a nuisance with non-linear detectors like photographic plates. 
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(a) (b) 

Fig. 3.22. Distortion: (a) barrel, (b) pincushion 



3.3.5 Examples of conversions 

It is instructive to consider examples of the above conversion formulae for 
some of the cases of Table 3.3. 

The angular aberrations, which are normally the most practical form for 
astronomical telescopes because of the direct comparison with the seeing, are 
independent of the size (linear scale) of the telescope and depend only on the 
f/no, field angle and aberration coefficients. Since is expressed in radians, 
the dependence on Up^.^ in the case of astigmatism brings, for practical field 
angles, a large reduction factor compared with the linear factor Upri in the 
case of coma. 

The angular aberrations are given in Table 3.10 for a 1-mirror telescope 
with spherical primary (Case 1 of Table 3.3), a classical Cassegrain (Case 3) 
and an RC telescope (Case 4). In each case, the telescope has a final image 
beam of f/10 and the semi-field angle Upri is 30 arcmin or (1800/206 265) 
rad. For the Cassegrain cases 3 and 4, m 2 = — 4 as in Table 3.3. 

The signs are the opposite of those of the coefficients Sj, Su, Sm if 
n = -fl, i.e. for the two 2-mirror cases. This simply reflects the fact that 
a positive wavefront aberration corresponds to a negative ray height change 
5r]' in the image plane. The sign is most important in the case of the asym- 
metric aberration coma, where a positive value in Table 3.10 with n = -t-1, 
and a negative coefficient Su in Table 3.3 imply that the point of the coma 
patch is directed towards the field centre as in Fig. 3.4 (a). 



3.3.6 Conversions for Gaussian aberrations 

Although the two first order (Gaussian) aberrations are not usually treated in 
books on geometrical optics as “aberrations” , because they can be removed by 
small positional adjustments, they are, nevertheless, in practical telescopes 
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Table 3.10. Angular spherical aberration, coma and astigmatism for 
three telescope cases of Table 3.3, with an f/10 image beam and a semi- 
field angle Upri of 30 arcmin 



Case 


{5u'p)bf 

(arcsec) 


(J omat 

(arcsec) 


Ast ,m 

(arcsec) 


1-mirror telescope 








spherical primary 
(Case 1) 


-t 1.611 


-3.375 


-f 0.785 


Classical Cassegrain 
m2 = — 4 
(Case 3) 


0 


+ 3.375 


-2.814 


RC 

m2 = — 4 
(Case 4) 


0 


0 


-3.152 



two of the most serious sources of image error, namely defocus error and 
tracking error. 

It is easily seen from Eq. (3.23) that the conversions are as follows: 

= <5^ (3.211) 

5W!j. = -n' 5r)' cos <j) (3.212) 

These are the wavefront aberration changes resulting from a longitudinal 
focus shift 5z or a transverse focal (image height) shift 5r]' ^ respectively. 

3.4 The theory of aspheric plates 

The theory of aspheric plates has great elegance and simplicity. It has fun- 
damental importance in understanding the function of wide-held telescope 
solutions, as we shall see in § 3.6. In addition, it is a powerful tool for dealing 
with supplementary correctors for correcting held aberrations (Chap. 4) or 
aberrations to correct manufacturing errors. A classic example of the latter 
is the analysis of possible correctors for the spherical aberration found, after 
launch, to afflict the Hubble Space Telescope (HST). This application will be 
discussed below and further in Chap. 4 and RTO II, Chap. 3. 

Although the term “plate theory” or “plate diagram” was coined later by 
Burch [3.28], the basic theory was laid down by Schwarzschild in his classic 
paper of 1905 [3.1]. Burch’s approach is well expounded by Linfoot [3.29]. The 
theory given below follows more closely the original approach of Schwarzschild 
which is essentially embodied in the aspheric terms of Eq. (3.20). 
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The theory of aspheric plates is derived directly from the concept of “stop 
shift” . Suppose for any optical system the “stop” is at a certain location, for 
example at the prime mirror in a telescope system. If the effective stop is 
shifted by introducing a diaphragm or element sufficiently small that it takes 
over the role of the stop (see Chap. 2), then the aberrations of the system 
are modified according to the following formulae - see the works of Hopkins 
[3.3] or Welford [3.6] for the derivation (a more general form was given in 
Eq. (3.22)): 



dSi 

dSjj 

dSiii 

dSiv 

dSv 



0 

{HdE)Si 

2{HdE)Sii + {HdEfSi 
0 

{HdE){Siv + SSiii) + ^{HdEfSii + [HdEfSi^ 



(3.213) 



Si, Sii, Sill, Siv, Sv are the aberrations present with the original stop 
position. We have already encountered the factor (HdE) in Eqs. (3.20) and 
(3.22). dE is a normalized factor expressing the shift in stop position, H the 
Lagrange Invariant (Chap. 2) which is a measure of the throughput of the 
system. If S'/ ... S/y are all zero, a stop shift has no effect on any of these 
third order aberrations. If - as in the case of the error in HST which is on the 
primary mirror - the system has a finite Si but the other terms are zero, then 
a change in coma, astigmatism and distortion occurs through the right-hand 
terms containing S/ in (3.213). The other terms will be zero in such a case. 

The above “stop-shift” effect is closely linked to the effect of inserting 
an aspheric plate into the stop of a system and then shifting the plate away 
from the stop by a normalized distance dE. This is shown in Fig. 3.23. If the 




Fig. 3.23. Stop-shift effect for a single third order aspheric plate 
shifted from the pupil 
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aspheric plate is inserted at the stop (or its image, the pupil), it acts, to third 
order accuracy, as a “pure” element in its monochromatic function: it only 
affects Si (wavefront aberration is also a fourth power function of aperture), 
all field effects are zero, so that we have: 



OE^O -.St = dSi' 
Sii = 0 

Sill = 0 > 

Siv = 0 

= 0 . 



(3.214) 



If now the plate is shifted from the stop by dE, then substituting (3.214) in 
(3.213) gives: 



5Si 


= Si 


SSii 


= {HdE) Si 


6 SIII 


= {HdE)^Si 


6 SIV 


= 0 


6 Sv 


= {HdE)^Si 



(3.215) 



This result shows the origin of the right-hand, aspheric, terms in Eqs. (3.20). 
The term “aspheric plate” has a much more general significance than the 
normal refracting plate shown in Fig. 3.23. It applies equally to any fourth 
power figuring modification to a refracting lens surface, plane mirror or mirror 
with optical power (curvature). 

The influence of a given corrector plate, producing a change Si in spher- 
ical aberration, on the field aberrations depends then only on Si and the 
parameter {HdE). This has a very simple geometric optical significance. It 
can be shown ([3.3] [3.6]) that 

HdE = ^ , (3.216) 

y 

where Ppr and y are simply the heights of the paraxial principal ray and 
normal (aperture) paraxial ray at the plane of the system where the plate 
is inserted. Fig. 3.24 shows schematically the way the heights of these rays 
vary as they pass through a typical Cassegrain telescope. The aperture ray 
is shown by a continuous line, the principal ray by the dashed line, the stop 
being placed at the primary. Clearly, the ratio ypr/y is small in the object 
space above the primary for normal small semi-fields Upr and grows linearly 
with the distance above the primary. After reflection at the primary, ypr at 
the secondary is the same as in the object space, but y suffers a dramatic 
reduction as the aperture ray converges towards the prime focus. The smaller 
the secondary (i.e. the higher the secondary magnification m 2 ), the bigger 
the increase of ypr/y at the secondary reflection. In such circumstances, 5Sn 
in (3.215) can be quite large. As will be shown in RTO II, Chap. 3, this is the 
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Fig. 3.24. Heights of the paraxial aperture and 
paraxial principal rays as they pass through a 
Cassegrain telescope 



reason why the theoretical possibility of correcting the spherical aberration 
of the HST primary by modifying the secondary must be ruled out, even if 
it were possible in practice, because the field coma SSjj in (3.215) is far too 
large at a field radius of 10 arcmin to be acceptable. However, Upr/y is in this 
case still ^ 1. This means the field astigmatism SSm is much smaller than 
SSii. 

After reflection at the secondary, the principal ray diverges rapidly be- 
cause of the telephoto effect of the Cassegrain form, whereas the aperture ray 
converges to the final image. At some point, depending on the field chosen, 
the rays intersect giving ypr/y = 1- Further down, ypr/y > 1 and the effect 
on the astigmatism increases rapidly. 

From (3.214), if correction of spherical aberration can be achieved at the 
pupil, monochromatically and to a third order the correction is perfect. But if 
a single corrector plate is inserted elsewhere with HdE = ypr/v ^ 0, then 
field aberrations appear according to (3.215). However, if two plates with 
significant separation are introduced, two conditions can be fulfilled; with 
three separated plates, three conditions. In other words, with three separated 
plates in any geometry, monochromatic residues of Sj, Sjj and Sm can 
theoretically be corrected in any telescope system. Whether the solution is 
practical will depend on the aberration values and the separations available 
in practice. This general theorem is of great importance in understanding the 
possibilities of wide-held telescopes (§3.6). 
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Let us consider again the practical example of the spherical aberration of 
the HST. One possible means of correction is a corrector in the baffle (“stove- 
pipe”) above the image. A single aspheric plate generates unacceptable field 
aberrations because of the large ypr/y values. But three separated plates can 
fulfil the three third order correction conditions 



in which fci, ^2, fca represent HdE = ypr/y for the positions of the three 
plates. Inversion of the matrix (3.217) gives the required aspheric powers of 
the plates. As a plausible example, fci, ^2 and were given values 1, 1.5 and 
2 respectively. Solution of (3.217) gives 



giving '^Si = -^5Si as required. However, the price paid for the field correc- 
tion with plates in these positions is an increase of individual aspheric powers 
up to eight times the required correction. This is simply the equivalent phe- 
nomenon to the fact that the powers of the individual lenses of an achromatic 
doublet or triplet camera objective are much higher than the resulting total 
power of the system. Of course, in practical optical design, compensations 
with quadratic and even sixth power terms must also be taken into account 
rather than the simple plate shown in Fig. 3.23 with a pure fourth power 
term. Aspheric plates have the merit of correcting aberrations without af- 
fecting the Gaussian optical terms associated with the optical power of the 
system: specifically they do not change the f/no of the transmitted or reflected 
beam. 

Following Bahner [3.5], we can use the general formulation of § 3.2.4 for the 
third order aberrations of 1-mirror and 2-mirror telescopes to derive relations 
for such telescopes when an aspheric plate is added. Tables 3.4 and 3.5 gave 
the general formulae, whereby the terms in the square brackets correspond 
to the normalization of Tables 3.2 and 3.3 with 

2/1 = Upri = -1-1 and / = ±1 

The formulation of (3.215) and (3.216) above assumes that the pupil is ini- 
tially at the primary (i.e. Spri — 0), the plate shift from it being expressed by 
HdE — ypr/y- (We show below that, finally, the pupil position has no effect 
on the first three third order aberrations, provided that the first two are cor- 
rected to zero). With the normalization, the quantity ypr/y — Spi/ f, where 
Spi is the plate shift relative to the primary. If the plate introduces third 
order spherical aberration SSj, then the equations of Table 3.4 for a 1-mirror 
telescope with an aspheric plate become from (3.215), with Spri — 0: 



— {Si)i {81)2 {81)3 

J28n = k,{8ifi + k2{8i)2 + k3{8ih 
J28iii = kf{8i)i-\-kj{8i)2-\-kl{8i)3 




(3.217) 




(3.218) 



3.4 The theory of aspheric plates 145 



E5z 



E 

E ^iii 





{l + b,^) + 5S*j 





Uprl 



> 





U 



2 

prl 



(3.219) 



We shall see in § 3.6 that these equations lead at once to the Schmidt tele- 
scope. 

Similarly, if the same addition of an aspheric plate is made to a 2-mirror 
telescope, the equations of Table 3.5 give, by the same reasoning: 

/ ^ 4 r n 



E5z 




/'c + L^ + SS*I 



E 





Uprl 



(3.220) 



E 









Uprl 



If these three equations are set to zero, then such a system of 2 aspheric 
mirrors and an aspheric plate can always give a solution with E ~ E Sii 
— ^ Sill = 0 for any geometry (generalized Schwarzschild theorem 

[3.13]). Now we can apply a very important consequence of the stop-shift 
equations (3.22). If the first three Seidel aberrations have been made zero 
in Eqs. (3.220), then all three are independent of a stop shift in the total 
system. This means that the entrance pupil can he shifted to the aspheric plate 
(or elsewhere) without changing the third order correction of'^Si, ^Su, 
^ Sill- This is a very important general principle in the theory of wide- field 
telescopes. For the 1-mirror telescope with an aspheric plate of Eqs. (3.219), 
in the general case, only two conditions can be fulfilled with two aspherics, 
giving ^ Sji = 0. But a stop shift will still not affect ^ Sj, 

^ Sii and ^ Sill, even if ^ Sm 0. Of course, higher order aberrations 
are not independent of stop shifts and may have a determinant influence. 

If the aspheric plate is in the object space, as in the Schmidt telescope, 
then Spi can be applied directly as a negative quantity, i.e. with the same sign 
as f[ in (3.219). For a plate inside the system, i.e. to the right of the primary 
for the positive light direction from left to right, a virtual positive value of 
Spi can be calculated from the Gaussian image of the plate backwards into 
the object space [3.28] [3.29]. The necessary expressions are given in Chap. 4 
(see Fig. 4.2) in connection with held correctors consisting of aspheric plates, 
applied to 1-mirror or 2-mirror telescope foci. 

Since third order spherical aberration varies, as wavefront aberration, with 

the plate prohle must obey the same law. From Eq. (3.21), its coefficient 
is given for a plate of refractive index n' placed in a medium of index n by 
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SSj = 8(n' - n)ay^ , (3.221) 

where a is a constant and n = 1 for the normal case of a glass plate in air. 
If a virtual plate in the object space is calculated as described above, the 
profile constant a in (3.221) must be multiplied by where iripi is the 
magnification of the plate imagery back into object space. 

In §3.6, we shall see the direct application of Eqs. (3.219) and (3.220) to 
wide-held telescopes, and in Chap. 4 to held correctors. 



3.5 The role of refracting elements in modern 
telescopes: chromatic variations of first order 
and third order aberrations 



Although the refracting telescope and oculars are not considered as belonging 
to the domain of modern telescope optics and are not treated in this book 
(older books such as Konig-Kohler [3.30] or Bahner [3.5] deal excellently 
with this material), this does not mean that chromatic aberrations no longer 
play an important role in modern telescope systems. This role is generally 
that of correcting aberrations without contributing signihcantly to the optical 
power of the system. The optical power is essentially provided by the mirror 
system. This does not mean that lenses with signihcant power will not be 
used: it means that powered lenses will normally be used in a corrective 
combination which has a small total power. Since, for thin lenses, primary 
chromatic aberration (the variation of longitudinal focus with wavelength 
for a simple lens) is dependent on the total power, the main curse of lenses 
is thus avoided. Of course, different materials may also be used to produce 
achromatism, but the effects of secondary spectrum, longitudinal aberration 
residues due to the different dispersions of the materials, remain. Such effects 
can only be reduced by the use of “special glasses” or crystal materials which 
may have other design limitations or limitations of availability (diameter). 

Refractive corrector elements can produce not only simple longitudinal 
chromatic aberration but also other chromatic effects. The general theory is 
given by Hopkins [3.3] and Welford [3.6]. By analogy with Eq. (3.21) for the 
monochromatic aberrations, the wavefront form for the chromatic aberrations 
of the first and third orders can be expressed by 
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(3.222) 
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in which the chromatic coefficients are, by analogy with Eq. (3.20): 

= T..AyA{^) 



C2 



= E.AyA{^-^) [+HdEC^] 



Longitudinal chromatic 
variation of focus: C\ 

(longitudinal colour) 

Chromatic variation 
of wavefront tilt: 

(lateral colour) 

Chromatic variation 

of spherical aberration: {SSi)c = A^yA (“) + 
(spherochromatism, 

Gauss-error) 

Chromatic variation 

of coma (colour coma): {SSn)c = Yn, AAyA HE{5Sj)c 

Chromatic variation 
of astigmatism: 

(colour astigmatism) 



iSSui)c= Y.A yA{^^-^)+Y.iHEnSS*j)c 



(3.223) 



The second group of terms in (3.222) are identical wavefront functions to 
the monochromatic aberrations S/, S//, S///. Note that we have omitted the 
chromatic variation of S/y, although in the general use of refracting optics, 
for example in photographic objectives, this term may not be negligible. It is 
omitted here because, as stated above, the total optical power of refracting 
elements in modern telescopes is normally small. The Petzval sum is corre- 
spondingly small and its chromatic variation a negligible factor. By contrast, 
we shall see in Chap. 4 that the chromatic variations of spherical aberration 
and, above all, of coma and astigmatism, are often the limiting factors of 
corrector systems. 

The first group of terms in (3.222) are the chromatic variations of the first 
order (Gaussian) terms in Table 3.1. While these monochromatic terms can be 
focused out by movement of the secondary mirror in a Cassegrain telescope 
or by a change of pointing, their chromatic variations given in (3.222) cannot 
be eliminated. They are therefore serious factors limiting the performance 
if a wide spectral band is employed. For narrow spectral bands they can be 
“focused” or “pointed” out. This is not possible for the chromatic aberrations 
of the second group. 

The second term, the lateral colour, produces - for a centered optical 
system with symmetry axis - a radial spectrum of a point image whose length 
depends on the coefficient and the field radius ry'. Atmospheric dispersion 
is a similar aberration phenomenon produced by the atmosphere except that 
the spectrum is radially symmetrical to the zenith point in the sky. This will 
be dealt with in Chap. 4. 
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The chromatic aberrations {SSi)c, {SSu)c, {SSiu)c in (3.223) each con- 
sist of two terms, as for the monochromatic aberrations of (3.20). The first 
terms result from the optical power of lenses, as do the first order aberra- 
tions Cl and € 2 - The second terms {5S})c, {SS}j)c and {5S}jj)c are due 
to aspheric surfaces. For aspheric plates, these terms are the only chromatic 
effects. From (3.221) we have 

SSj = 8(n' — n)ay'^ = 8A{n)ay‘^ , 

the symbol A in all these formulae meaning the change (n' — n) causing 
refraction. The chromatic variation is then 

{SS*i)c = 8A{5n)ay'^ , (3.224) 

in which 5n — (n^ — n'^) — (^2 — ni) for the wavelengths A 2 and Ai in the 
two media before and after refraction. In the case of an aspheric glass plate 
in air, for which the index is taken to be 1 with negligible dispersion, the 
quantity A{6n) is simply the dispersion [n '2 — n'l) of the glass. An analogue 
interpretation applies to the quantities Zi (^) and Zi (^ • ^) in the terms 
for spherical surfaces with optical power. 

Since the stop-shift effect due to dE on C 2 was not given in Eqs. (3.22), 
it has been added to the equation for C 2 in (3.223). The equivalent stop-shift 
terms for [5Su)c and {5Siu)c have been omitted, as they are the same as 
those given in (3.22). 



3.6 Wide-field telescopes 

3.6.1 The symmetrical stop position: the Bouwers telescope 

The problem of making a satisfactory primary had so dominated the devel- 
opment of the reflecting telescope that it was axiomatic for about 270 years 
that it would also form the stop (pupil) of the system, since this used its 
surface with maximum efficiency. Recognition that field aberrations (coma, 
astigmatism and distortion) followed the formulation of third order aberra- 
tion theory by Seidel in 1856 [3.4], and many of his successors involved above 
all in the development of photographic objectives, led to deep understanding 
of the significance of pupil position relative to the constructional elements of 
the system. It therefore seems almost amazing that nobody before B. Schmidt 
in 1931 [3.31] considered the possibilities of stop shift into the object space in 
front of the primary. Schwarzschild and Chretien, both concerned to correct 
field aberrations to produce wider fields and in possession of the necessary 
aberration theory, failed to realize this simple possibility. 

Figure 3.25 shows the fundamental form of a wide-held telescope without 
correction of spherical aberration. It consists of a stop at the centre of cur- 
vature of a spherical mirror. The principal rays are normals to the sphere. 
The system has no axis except that of the stop. Its held with constant image 
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Fig. 3.25. Fundamental form of a wide-field telescope withoutcorrection of spher- 
ical aberration 

quality is 180°, only limited by vignetting of the stop. If the stop were rotated 
about its centre to remain normal to a principal ray of varying field angle, the 
theoretical field is 360° , though the complete spherical mirror would, in prac- 
tice, block the entry of any light. The system has only two aberrations, field 
cnrvature and a spherical aberration, which is identical for all field directions 
apart from stop vignetting. This rednces the beam width in the t-section 
giving an asymmetrical effect on the spherical aberration looking like astig- 
matism; but the system has no astigmatism in the real sense. It is also free 
from coma. It has the field cnrvature of the concave primary equal to its focal 
length, giving an image snrface on a sphere also centered on the stop. These 
properties are obvious from the geometrical symmetry of the arrangement. 
Schmidt’s great achievement was to recognize this: the addition of a device to 
correct the spherical aberration was simply a corollary, although technically 
very difficult to achieve. 

The equations of Table 3.4 must lead to the same conclusions. Setting 
bsi =0 for the spherical primary, we have 




(3.225) 



Now Spri = 2/{, both being negative. This gives at once: 




(3.226) 



Sii = 0 

Sill = 0 
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This result is also evident from the basic equations (3.20) since A = Q for 
principal rays normal to the mirror at all field angles. 

It is often useful to deal with all 1-mirror and 2-mirror solutions with one 
single set of formulae. The 1-mirror case can be treated with the 2-mirror 
formulae of Table 3.5 by treating it as the limit case where the secondary 
becomes a folding flat with m 2 = — 1 (Fig. 2.15). Then ^ = 0 and, with 
bsi — 0, ( = — j. The equations become: 



Si = ^ 



sii = r-s 
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Uprl 



Sill = ^ 
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+ di) -|- Sprl + 



( f_ 



^prl 



(3.227) 



Inserting Sprl = ~ 2/' = 2/(, since /' = —/{ because of the folding flat, 
and L — f — m 2 di = f + di with m 2 = — 1, Eq. (3.227) reduces to 
the same result as (3.226). 

The above two results (3.226) and (3.227) show that Schwarzschild’s own 
formulation implicitly gave the Schmidt solution for freedom from field aber- 
rations. 

Of course, some solution must be found to correct the spherical aberra- 
tion. In fact, the most general way of doing this, following the symmetry 
concept, was not the Schmidt method with an aspheric corrector but the 
concentric meniscus proposed by Bouwers in 1941 [3.32]. The Bouwers tele- 
scope is shown in Fig. 3.26. As with the basic, stop-shifted form without 
spherical aberration correction of Fig. 3.25, it is completely symmetrical and 
without axis, again giving a field of 180° of identical performance apart from 
vignetting effects. However, the system has a fundamental problem: the con- 
centric meniscus corrects the third order spherical aberration but introduces 
primary longitudinal chromatic aberration defined by C\ of (3.223). In its 
pure form, therefore, the system is only useful for narrow spectral band- 
widths. It also exhibits spherochromatism, {6Si)c in (3.223). Furthermore, 
the relative aperture is limited to about f/4 by fifth order spherical aber- 
ration (zonal error). For these reasons, the Bouwers form has rarely found 
application. But as a generic type leading to other modified “meniscus-type” 
solutions, it is of great significance. The most important of these is the Mak- 
sutov telescope. The basic theory of the Bouwers form leading to the Mak- 
sutov modification is given in §3.6.3. An important modification, proposed 
by Bouwers to produce chromatic correction while preserving concentricity, 
is dealt with in §3. 6. 4. 2. 
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3.6.2 The Schmidt telescope 

3. 6. 2.1 The basic principles of the Schmidt telescope. Bernhard 
Schmidt’s publication in 1931 [3.31] represented the second revolutionary ad- 
vance in the theory of telescope optics of this century. Schwarzschild had made 
the first such advance in 1905 [3.1] with his analysis of the possibilities of field 
correction by varying the aspheric forms of two mirrors with optical power as 
a function of the stop position. The bulk of the theory of § 3.2 derives from 
Schwarzschild’s work. Schmidt’s advance consisted of the systematic shift of 
the stop to the centre of curvature of a spherical primary, as discussed in 
§ 3.6.1, combined with the insertion of an aspheric refracting corrector plate 
in the plane of the stop, as shown in Fig. 3.27. The Schmidt concept simply 
transfers the aspheric correction term from the Newton paraboloidal primary 
to the refracting corrector at its centre of curvature. Monochromatically, as 
we have seen in § 3.4, such a corrector plate with a fourth power figuring term 

4 

z = ay 




Fig. 3.27. The Schmidt telescope (1931) 
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will correct the third order spherical aberration Sj. Because of its symmetry 
at the pupil {HdE = 0), it is free from third order field coma and astigmatism 
Sii and Sill (Eq- (3.215)). Thus, monochromatically, it achieves the same 
correction (proven formally, as for the Bouwers telescope, in Eq. (3.227)) 



as the Couder telescope (§3. 2. 7. 2). It is a remarkable demonstration of the 
law of nature that you never get something for nothing, that both the Schmidt 
and Couder telescopes achieve this monochromatic correction at the cost of 
a physical tube length = 2/', about three times the length of a Cassegrain 
telescope using a primary with the same geometry. However, the Schmidt 
telescope has a more convenient image position and does not suffer from 
baffling problems which, in practice, increase the length of the Couder tele- 
scope further. From the point of view of stray light from the sky, the Schmidt 
telescope is as good as the classical refractor. 

The Schmidt telescope has a major monochromatic advantage over the 
Bouwers telescope (§3.6.1): the corrector plate does not introduce its own 
zonal error (fifth order spherical aberration), whereas the concentric Bouw- 
ers meniscus in combination with its spherical primary does. Furthermore, 
since the aspheric form is theoretically free, it can compensate fifth and even 
seventh order spherical aberration of very steep primaries, so very steep pri- 
maries of the order of f/1 can be compensated, if the correctors can he made 
to sufficient accuracy. 

Unlike the Bouwers telescope, the Schmidt telescope does possess an axis, 
albeit only weakly defined by the axis of symmetry of the aspheric form 
on the plate. This leads to asymmetries in the angles of incidence of oblique 
beams on the aspheric surface of the plate at points a and b in Fig. 3.27. These 
asymmetries lead to higher order field aberrations. This limits the theoretical 
field, the limitation being more severe the higher the relative aperture of the 
system, but the chromatic limitations are usually more serious in practice. 

The corrector plate introduces uncorrected chromatic aberrations, the 
most important of which is {SSj)c of Eq. (3.223): spherochromatism. There 
are also chromatic differences of the monochromatic higher order field effects. 
Since, from Eq. (3.214), the plate produces no third order Su or Sm, there 
are also no chromatic differences: spherochromatism is the only third order 
chromatic aberration. 

3. 6. 2. 2 Corrector plate profile and spherochromatism. As we saw 

from Eqs. (3.219) or (3.220), the required correction is achieved by 



Si 

Sii 

Sill 




(3.228) 



dS*i = -Si = +/(/4 



(3.229) 
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in our normalized system with /{ = —yi = — 1 , where Si is the third order 
spherical aberration of the primary and (5S'| the compensating aberration of 
the plate. From (3.184), the spherical aberration of the spherical mirror, 
expressed as wavefront aberration at the Gaussian focus, is given by: 

4 

(3.230) 



{W'i)gf = Isi 



y 



Vr, 



(3.231) 



From Table 3.4 we have, setting = y for the edge of the aperture, 

referred to the Gaussian focus. In § 3.3.6 we gave in Eq. (3.211) the conversion 
formula for longitudinal focus shift 6z to equivalent wavefront aberration as 
2 

5z (3.232) 



SW'i^ = -7;n' \ 



Since n' = — 1 after reflection at the mirror, the total wavefront aberration 
to be corrected by the plate is 



W' = - 



y 



32/(3 2/( 






(3.233) 



whereby the second term introduces a wavefront compensation by a focus 
shift produced by the plate. If Wy^ = 0 for the edge of the pupil j/m, 
then (3.233) gives, for example. 



Azo = 



Vn 



16/( 



(3.234) 



a negative distance since /{ is negative. From (3.187), the longitudinal spher- 
ical aberration is (with sign reversal because n' = — 1) 

2 



= = + 4 ( — 



yr, 



' 32/(3 



'8 /( ’ 



(3.235) 



a positive distance since /( is negative. The focus shift Azq from (3.234) is 
therefore half the longitudinal aberration Ss' and of opposite sign. 

For the figured plate of thickness dpi, we can generalise (3.221) to give 
the general plate form for compensation 



SW'j* = -SS*j = in' - n)dpi , 



in which dpi is a function of y. This gives from (3.233) if n 
plate in air: 



dnl. — 
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n' — 1 
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32/(3 2/(- 






(dpi) 



0 



(3.236) 
1 for a glass 

(3.237) 
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where (dpz)o is the axial thickness of the plate. Following Bahner [3.5], we 
now define a dimensionless profile constant kpi in units of the Azq focus shift 
defined by (3.234) as 



^pi — 



+Az 



16/1 

2/m 



(3.238) 



together with the normalized height ppi as 



Ppi — y / Vm 



(3.239) 



Eq. (3.237) can now be written 



^pi — 



1 



n' — 1 






32/;= 



Ppi ^piPpi A{dpi)o 



With D = 2ym and the f/no N given by 

N = -AID , 



(3.240) 



(3.241) 



Eq. (3.240) can then be expressed in the convenient form 



dpi — 



1 



D r 



1 



512 V n' - 1 / I 



J\r3 ^plPpl A{dpi)o 



(3.242) 



The thickness constant {dpi)o for the axial thickness has no optical effect 
since a plane-parallel plate in the parallel incident beam produces no angular 
aberration on axis or in the field. The profile of the function (p^; - kpip^i) is 
shown in Fig. 3.28. The abscissa is Ppi, the ordinate the function for various 
values of the parameter kpi. 




Fig. 3.28. Profile function {p^i — kpip^i) for Schmidt corrector plates with various 
values of the form profile parameter kpi. The glass plate is formed by considering 
the area under the curves to be filled with glass down to an abscissa tangential to 
the curve in question. To the resulting axial thickness, the constant thickness (dpz)o 
is added to give the necessary minimum plate thickness. (After Bahner [3.5]) 
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The choice of the optimum form is determined by the best balance for 
the spherochromatism. The assumption is made in Eq. (3.242) that the ray 
heights at the mirror are identical with those at the plate. In practice, all 
such small discrepancies are taken care of by the standard ray tracing and 
optimization procedures of optical design programs. 

From (3.236) the plate profile (3.242) gives the required wavefront aber- 
ration 



[SWj*)o — - kpip^i) 

or > 



(3.243) 



for the refractive index tiq corresponding to the chosen correction wavelength 
Aq. For a wavelength Ai and index the wavefront aberration produced is 



mni = , 

giving a chromatic differential wavefront error between Ao and Ai of 



5{SW'j*) = {6Wi*)i 



{SWno = 



n-i -np 

n'o - 1 



(<5Wf) 




mno , 

(3.244) 



in which {rii —Uq) is the dispersion and i>a the Abbe number for the glass (see 
§3. 6. 2. 6 below), assuming Aq and Ai are chosen for the standard definition 
of UA- If Ai > Aq (i.e. Ai more into the red), there will be undercorrection 
of the mirror aberration, overcorrection into the blue. The transverse aber- 
ration generated by this spherochromatism is determined by the slope of the 
wavefront of (3.243): 
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- 2kpippi) has a minimum at 



(3.245) 



^^Ppi ~ ‘^kpi — 0 , 



giving 



kpi 

~6 



iph) min 



(3.246) 
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The minimum transverse aberration will result for that plate profile in 
Fig. 3.28 giving the same numerical value of the slope at the edge of the 
pupil with Ppi = ± 1 as for the minimum given by (3.246). This is the case 
for kpi — 1.5, as is easily confirmed as follows. 

Inserting kpi = 1.5 in (3.246) gives {ppi)min = ± 0.5. The slope function 
at the point {ppi)min = +0.5 is then 

'^{Ppl)min ~ ^^pl{ppl)min = 



At the point Ppi = +1, the slope is +1. This shows that the form given in 
Fig. 3.28 with kpi = 1.5 is the most favourable for the focus balance of sphe- 
rochromatism if this is measured as the transverse (or angular) aberration. 
The effect of this optimum focus term can be understood in the following 
way. The central wavelength Aq is corrected for a certain axial focus position. 
For any other wavelength Ai , the focus shift is such that the disk of least con- 
fusion of its spherical aberration arising from the sphere chromatism is at the 
same focus position. This brings the same factor-of-4 advantage compared 
with a pure y'^-plate with kpi — 0 that we had in Eqs. (3.186) and (3.190). 

The diameter Srjgp of the transverse aberration at this optimum focus 
can be derived from 



^Vbf — 2 



ndidwno 

FA dppi 



(3.247) 



the factor 2 in this equation arising from the fact that the maximum slope 
of the wavefront slope function is present &t Ppi — ±0.5 and ± 1.0 with 

opposite signs. From (3.245) this gives 



= 2^^^(4p3^ - 2kpippi) (3.248) 

Since, with the optimum focus kpi = 1.5, the maximum slope is also at the 
edge of the pupil (plate), we can put ppi = 1 in (3.248), giving 



— 



fi 1 

fa 128iV3 



(3.249) 



for the diameter of the transverse aberration. 

This important result can be confirmed from the general formula (3.189) 
for the transverse diameter of the disk of least confusion 

Sv'bf = —imiaF , 

Vi 

where GF refers to the Gaussian focus and BF to the best focus. At the 
Gaussian focus kpi = 0, giving with yi = D/2 from (3.243) and (3.244) 



, 2f 1 D 
^ (D/2)^512Af3^P' 



or 
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(3.250) 



since Ppi = 1 for the edge of the pupil, thus confirming (3.249). 

In the usual measure of angular diameter, the diameter of the spherochro- 
matic aberration is 



{5u'p)bf — 



^Vbf 

f'l 



1 d - 

z/a1287V3 “ vaN^ 



arcsec 



(3.251) 



In using this formula, it should be remembered that va is only the classical 
Abbe number if the same dispersion range is used. The general form is given 
from (3.244) as 



1 — Uq 

VA rig - 1 ’ 



(3.252) 



in which rig refers to the correction wavelength Ag in laying down the plate 
profile and fo any given subsidiary wavelength Ai for which the spherochro- 
matism is to be calculated. Bahner [3.5] gives the example of a Schmidt plate 
made of the Schott glass UBK7, for which the value of va in (3.251) is 100 
between Aq = 430 nm and Ai = 386 nm in the blue or 490 nm in the red. 
With a typical value of A” = 3, Eq. (3.251) gives an aberration diameter 
(100% geometrical energy) of 0.60 arcsec. Bearing in mind that the spectral 
bandwidth of 104 nm is not very large, it is clear that spherochromatism is by 
far the most significant residual error in the normal Schmidt telescope with 
a singlet corrector plate. 

The largest Schmidt telescopes have apertures of 1 m or more. The two 
largest are at Palomar Observatory with dimensions for plate diameter (aper- 
ture) /mirror diameter/focal length of 1.22/1.83/3.07 m and a maximum field 
of 6.5° X 6.5° [3.33], and the Universal Telescope of the Karl Schwarzschild 
Observatory at Tautenburg in Germany with 1.34/2.00/4.00 m and a maxi- 
mum field of 3.4° x 3.4° [3.34]. This latter instrument can also be used as a 
quasi- C assegrain . 

It is instructive to see the extent of the aspheric deformation required for 
a Schmidt plate of large size. If the values kpi — 1.5, N = 3, n' = 1.5 
and D = 1000 mm are inserted in Eq. (3.242) defining the plate profile, 
the maximum departure from the plane-parallel plate occurs at the “neutral 
zone” where the plate thickness is a minimum. This radius is given from 
Eq. (3.245) for the slope function by 



‘^Ppi “^kpippi — 0 , 



with kpi = 1.5. This gives the neutral zone at ppi = 0.866. Inserting this value 
into (3.242), with the other parameters defined as above, gives the maximum 
asphericity of the plate as only {dpi) — {dpi)o = 0.081 mm. 
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3. 6. 2. 3 Aberrations and compensation possibilities of a plane-paral- 
lel plate (normally filter) in the convergent beam. Plane-parallel glass 
plates in the form of colour filters are an essential adjunct of astronomical 
observations. Such a plate in the incident (parallel) beam has no effect, as 
mentioned above in connection with the finite thickness of Schmidt corrector 
plates. However, a plane-parallel plate placed in a converging (or diverging) 
beam has important aberration effects, all of which depend linearly on its 
thickness d. These are illustrated here with reference to the Schmidt tele- 
scope but are quite general for any telescope system. Since the commonest 
use is for filters, we will characterize the aberrations of such a plate by the 
suffix Fi. 

A plate of thickness d and refractive index n' produces a focus shift 



= (^) ^ 

It also produces the following third order aberrations [3.3] [3.6]: 
{Si)Fi = — ^ ^ , {Su)Fi = ’ 

{SlIl)Fi = {Sl)Fi , Siv = 0 , 

{Si)f. 



(3.253) 



(3.254) 



Apart from the specific form of {Si)Fi, the influence on {Su)Fi ■ ■ ■ {Sv)Fi 
is determined by the same factor {A/ A) which we encountered in (3.20) and 
in the general third order theory of telescopes: for a plate in a centered 
system, i^^ — and i' — u\ where u' is the semi-angle of the exit beam. 
In most practical cases with small angular fields, the factor {upj./u') <C 1 so 
that the effect on the spherical aberration is dominant. The sign of (S'/)_fi 
implies overcorrection i.e. the marginal ray focuses too long compared with 
the paraxial ray. The wavefront aberration is, from (3.21): 



{W^)F^ = - 
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'4 7 

u a 



(3.255) 



If this is compared with the aberration of (3.233), the aberration corrected by 
the Schmidt plate, then by similar transformations we can express the third 
order spherical aberration of the filter in the same form as in Eq. (3.243), 
giving 



{W'J)F^ = 





Pti - ^piPh 


V n '3 j 


128 A 14 



(3.256) 



assuming a similar defocus term. This spherical aberration can effectively 
compensate for the spherochromatism at a secondary wavelength Ai, as de- 
fined by (5((jITj*) in Eq. (3.244). Setting 
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{W'J)F^ = -5{5W'j*) 



gives from Eqs. (3.243), (3.244) and (3.256) the compensation condition 



d = 



n 



/3 



— 1 



A 



(3.257) 



or 

(3.258) 
3 a 

if n' ~ 1.5. The sign of this compensation effect is important. The Schmidt 
primary has undercorrection of spherical aberration. To correct this, the 
Schmidt corrector plate introduces compensating overcorrection which is 
stronger in the blue, weaker in the red. The filter plate adds further overcor- 
rection, thereby pushing the corrected wavelength of the total system further 
into the red. Since d > 0 in all real cases, addition of filters will therefore 
always worsen the spherical aberration correction for wavelengths on the 
UV-side (shorter) of the central correction wavelength Aq. In deciding on the 
value of Aq for a new Schmidt telescope, the mean filter thickness should be 
taken into account. If red filters are thicker than blue ones, this will improve 
the total correction. 



3. 6. 2. 4 Field aberrations of a Schmidt telescope. As stated in § 3. 6. 2.1, 

the Schmidt telescope is corrected monochromatically for Si, Sii and Sill 
but still has, from its symmetrical nature, a field curvature equal to the focal 
length of the primary (Fig. 3.27). As in the Couder telescope, this can be 
corrected by a field-flattening lens. This device was first suggested by the 
Scottish astronomer Piazzi Smyth in 1874 [3.35]. In Eq. (3.20), the factor 
y for the aperture beam height appears in Si, Sn and Sm: at the image 
therefore, a powered surface has no effect. However, it does affect the Petzval 
sum Siv- In the case of the Schmidt telescope with a field curvature in the 
same sense as the mirror and equal to l//(, the error can be corrected by 
a convex lens placed as near to the image as is technically acceptable. The 
general form of the refraction (or reflection) expression given in Eq. (2.33) 
can be written for a thin lens in the form 



s \ri 




= K 



For a plano-convex lens in air, the power K is 

The Petzval sum of such a field-flattening lens is, from the definitions pre- 
ceding (3.20), 



{Pc)ffl = 



Kffl 

n' 



n' -1 
n' 
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^FFL 



(3.259) 
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For compensation of the field curvature of a Schmidt telescope of focal length 
/(, we require 



{Pc)ffl = ^l f'l , 



which gives 



rFFL = 




(3.260) 

(3.261) 



Such field-flattening lenses (singlets) are not free from other optical aber- 
rations, in particular transverse chromatic aberration (C 2 in Eq. (3.223)) and 
distortion. In practice, because the lens has a certain finite distance from the 
image surface, there is also some coma. If the whole system is designed to 
include the field flattener, compensations are possible such that the only ef- 
fective disadvantage is a slight increase in chromatic aberrations. A detailed 
treatment is given by Linfoot [3.29]. 

For larger Schmidt telescopes with /' > ca. 0.5 m, it is possible to bend 
the photographic plates to the required spherical form. Alternatively, film 
can be used. 

Figure 3.27 shows that the plateholder inevitably obstructs the incident 
beam. This limits the free field according to the obstruction ratio Dph/D, 
where D is the telescope diameter and Dpp that of the plateholder: 

^ , (3.262) 

where {upr)max is the semi-field in radians and N the f/no. Eq. (3.262) shows 
that large fields are only possible with reasonable obstructions if N is small, 
i.e. with high relative apertures. In practice, plateholders take up a larger 
angle than the free field. The diameter Di of the primary required to avoid 
vignetting of the field is 



Di=D 




(3.263) 



In most practical cases, Di/D ^1.5. This relation assumes, of course, that 
the pupil is at the corrector plate. Although this is the normal case, it should 
be remembered that the correction of the terms S'/, S// and S/// makes 
the Schmidt telescope very insensitive to stop shift (see §3.4). Nevertheless, 
there are good reasons for retaining the basic geometry. Any shift of the 
stop from the corrector will increase the necessary diameter of this most 
difficult optical element. Also field beams pass asymmetrically through the 
plate giving chromatic variations over the field. 

There are two obvious physical sources of higher order field aberrations. 
Firstly, an oblique beam traverses the plate with an increase of optical path 
length of 

^ =n' ( ~ 

cos Upr ) \ cos Upr ) 2 ’ 



5W = n' 



(3.264) 



3.6 Wide-field telescopes 161 



compared with unity for the path length of equivalent axial rays. Secondly, 
there is a projection effect of y / cos Upr in the effective height of the plate for 
oblique beams because the corrector does not rotate to be perpendicular to 
the principal rays as it is for the axis. Bahner [3.5] gives the formula 



^ ^ ulr 

/{ 16n'7V3 



(3.265) 



for the angular aberration diameter produced by these two effects together, 
where Upr is the semi- field angle in radians, n' the refractive index of the 
corrector and N the f/no. With Upr — 3°, N — 3, n' = 1.5, Eq. (3.265) gives 
a diameter of 0.87 arcsec. Much work was done in the pre-computer era on 
the analytical theory of higher order aberrations of the Schmidt telescope, 
for example by Baker [3.36] and Linfoot [3.29]. Although this work retains 
great interest for specialists, the universality of computers and sophisticated 
optical design programs has reduced its practical importance: higher order 
aberration effects are revealed exactly by ray tracing and spot-diagram repre- 
sentations [3.7] [3.37] (see also § 3. 2. 5. 3). Third order theory, by contrast, will 
always retain its validity and importance because it reveals the fundamental 
possibilities and limitations of a given system. 

Figure 3.29 shows spot-diagrams of the theoretical image quality of the 
ESO 1 m, f/3.0 Schmidt telescope with its original singlet corrector plate, 
plotted over the field for 24 cm x 24 cm plates bent to the optimum field 
curvature (±3.20° field). 



3. 6. 2. 5 Tolerances. Tolerances and alignment procedures will be dealt with 
in detail in RTO II, Chap. 2. Suffice it to say here that the Schmidt telescope 
is a favourable design from the point of view of the tolerances on position of 
the corrector plate except for lateral decentering. It will be shown in RTO II, 
Chap. 2 that the tolerances in this respect are a function only of the primary 
mirror and the distance of any secondary element (mirror or plate) from it. 
Sag or bending of the corrector plate is completely uncritical, since the optical 
path in the glass remains unchanged. Tilt of the corrector shifts the axis of 
the corrected image away from the centre of the photographic plate, leading 
to field asymmetry, but this is also not critical. The tolerance on the axial 
position of the plate can be deduced directly from Eqs. (3.225) in which Spri 
is set to 2/{ ± 5z instead of 2/{. It is obvious that the coma introduced is 
5zl2f[ of that of the uncorrected primary, i.e. Sz/A. 



3. 6. 2. 6 The achromatic Schmidt telescope. The price paid for the great 
gain in field coverage of the Schmidt telescope is its physical length and the 
sphere chromatism introduced by transferring the asphericity on the primary 
(reflecting) to the singlet corrector plate (refracting). The latter can be vir- 
tually entirely removed if the singlet corrector is replaced by a doublet. This 
is the same principle as an achromatic doublet objective with the important 



2 arcsec 
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Fig. 3.29. Spot-diagrams for the ESO 1 m, f/3.0 Schmidt telescope with the original singlet corrector plate. Optimum curved field 
of radius 3050 mm and ±3.20° field for 24 cm x 24 cm plates 
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difference that the doublet objective is concerned to correct the first or- 
der longitudinal chromatic aberration C\ of (3.223), whereas the achromatic 
Schmidt corrector is concerned to correct {SSi)c, the third order chromatic 
effect on Sj. We saw, from (3.244) that the spherochromatism of the singlet 
plate is given by 



of the glass of the corrector is therefore the function determining the sphe- 
rochromatism for a constant {SWj*)o resulting from the primary mirror of the 
Schmidt telescope. For a typical glass, e.g. Schott UBK7 chosen for favourable 
UV transmission, this dispersion curve is shown in Fig. 3.30. We shall profit 



the dispersion properties of optical glasses, leading to the chromatic effects 
of “primary and secondary” spectrum. 

The slope of the mean straight line of this function gives the primary 
spectrum effect. So-called “normal” glasses have a similar departure from 
the straight line called a “normal” secondarj/ spectrum effect. The significance 
in the correction of achromatic doublets is dealt with by Bahner [3.5] and 
Welford [3.6]. The same physical situation as in Fig. 3.30 applies except that 
the ordinate is replaced by the back focal distance s' of the image as a func- 
tion of wavelength. In both cases, the process of achromatisation combines 
a dispersion function with positive slope with another one of equal nega- 
tive slope to give a resulting function of minimum slope over the wavelength 




in which Uq is the refractive index at the central (correction) wavelength Aq 
and that for any other wavelength Ai. The dispersion function 




(3.266) 



from the excellent example of the achromatic Schmidt telescope to illustrate 




Fig. 3.30. The dispersion function for a typical optical glass 

/ 1 _ n[—n'Q\ 
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Fig. 3.31. The effect of achromatisation: the dispersion func- 
tion is rotated to minimize its slope, giving desired zero points 
Ai and A 2 

range used, as shown in Fig. 3.31. If two “normal” glasses are combined, the 
resulting curvature of the dispersion function will be little changed, leaving a 
“normal” uncorrected secondary spectrum effect. This achromatisation pro- 
cess is only possible if the dispersion functions {i'A)a and {i'a )/3 for the two 
elements a and /? (glasses) are different: otherwise, the residual optical power 
in the case of a lens doublet, or the residual correction of SSj in the Schmidt 
plate case, would be zero. Fortunately, a wide variety of glasses with different 
dispersions and refractive indices Uq are available (Fig. 3.32). The larger the 
difference in I/va, the easier the combination, in that the individual powers 
(achromatic doublet) or asphericities (achromatic Schmidt corrector) will be 
less extreme. 

For simplicity, we will now omit the plate stop shift S of SSj, 5Wj etc., 
corresponding to Eq. (3.215), since the spherical aberration is independent 
of stop shift and SSi = Sj, 5W'j = W'j. Then from (3.244), the conditions for 
achromatisation between Aq and Ai for the Schmidt corrector are 



The asphericities are both proportional to l/(yAa — I'Af))- Note that the 
wavelengths Aq and Ai used in (3.266) will not normally coincide with the 
conventional definition of va used in Fig. 3.32. The wavelengths and corre- 
sponding definitions of VAa and va 0 must be adapted to the astronomical 




(3.267) 



for the required total correction, giving 




(3.268) 
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requirements of the Schmidt telescope. For large sizes of the order of 1 m, 
the choice of glasses is limited by availability and considerations of absorp- 
tion in the UV and blue. For the ESO Im Schmidt telescope, the original 
singlet corrector was replaced by an achromat made from the glasses UBK7 
and LLF6, the latter giving an adequate difference {i^Aa ~^A 0 ) together with 
acceptable transmission. Glasses further to the right in Fig. 3.32 than LLF6 
contain increasing amounts of lead with unacceptable absorption in the blue. 

The manufacture of such an achromatic plate is a very difficult technical 
undertaking. Apart from making the individual aspheric plates, the manu- 
facturer must normally combine them in a total precision unit with optical 
cement between the elements. The cement should ideally have a refractive 
index intermediate between those of the plates in order to reduce light loss 
and, above all, ghost images at two extra reflecting surfaces. According to 
the law of Fresnel, the intensity of reflected light at the boundary between 
media of refractive indices rii and ri2 is 




If 712 ~ n^ = l for air, (3.269) gives the normal figure for (untreated) 

glass surfaces in air of J ~ 4%. If the cement reduces (7X2 — rij^) by a factor 
of ten to 0.05, the reflections are reduced by a factor of 100. 

Figure 3.33 shows the spot-diagrams of the (theoretical) ESO 1 m achro- 
matic Schmidt in the same format as Fig. 3.29, but with a scale five times as 
large. The residual spherochromatism is small compared with the grain of the 
photographic plates. In practice, this gain must be offset by manufacturing 
errors of the corrector plates which produce a uniform degradation over the 
field. This is a matter to be defined by contractual tolerances. 



3.6.3 The Maksutov telescope 

We return now to the Bouwers telescope dealt with in §3.6.1, which, in its 
pure concentric form, suffers from first order chromatic aberration apart from 
fifth order spherical aberration and spherochromatism. The first order chro- 
matic aberration is fatal unless a minimal wavelength bandpass is used. For- 
tunately, this aberration can be corrected, at the cost of perfect symmetry, by 
the Maksutov form [3.38]. Meniscus solutions have two great advantages over 
the Schmidt telescope. Firstly, the constructional length is about one third 
less - unless the stop is maintained strictly at the centre of curvature, an 
important point discussed below. Secondly, above all for smaller telescopes, 
a meniscus with spherical surfaces is far easier and cheaper to produce than 
a Schmidt corrector plate. 

In its pure form, the Maksutov telescope only departs from the symmet- 
rical concept of Bouwers (Fig. 3.26) by changing the radii of the meniscus to 
give a slightly convex form, as shown schematically in Fig. 3.34. This slight 
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Fig. 3.33. Spot-diagrams for the ESO 1 m, f/3.0 Schmidt telescope with the achromatic (doublet) corrector plate (glasses UBK7 
and LLF6). Optimum curved field of radius 3050.5 mm and ±3.20° field for 24 cm x 24 cm plates (format identical with Fig. 3.29, 
but scale five times larger) 
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Fig. 3.34. The basic form of the Maksutov telescope (1944) 



convex form is sufficient to compensate for the negative first order chromatic 
aberration generated by the pure Bouwers meniscus, which has slight negative 
power. 

Excellent treatments of the basic theory are given by Bahner [3.5] and 
Schroeder [3.22]. Essentially, the following formulation is similar to that of 
Schroeder following Bouwers [3.32] and Maksutov [3.38]. A general analytical 
solution for the third order spherical aberration introduced by the thick con- 
centric meniscus of the Bouwers telescope is possible, but complex. Bouwers 
himself simplified the formulation by assuming the approximation of a thin 
lens for an object at infinity. He starts from the formula [3.32], valid for the 
third order aberration of low power (X! j men) strongly “bent” lenses, 

for the angular aberration®. In our notation, the angular diameter of the 
aberration is 



,men 




(3.270) 



This formula for the angular third order spherical aberration due to a thin lens 
for an object at infinity was taken by Bouwers from the classical work “The 
Principles and Methods of Geometrical Optics” by J.P. C. Southall (Macmillan 
1910), page 388. The same formula is given by Czapski-Eppenstein [3.11(b)], 
who give its origins as far back as Huygens’ “Dioptrica” (Ed. 1703), Prop. 27. 
The general form for a thin lens with an object at any finite distance contains 
6 terms: it is derived for longitudinal spherical aberration by A. E. Conrady in 
“Applied Optics and Optical Design”, Part 1 (Oxford 1929 and 1943), page 95. 
This is the well-known “G-sum” formula. Hopkins [3.3] also derives it, in the 
wavefront aberration form. 
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where n' is the index of the meniscus and ri the radius of its first surface. 
From (3.190), bearing in mind that the index in the image space is 1 and 
(3.21), this gives 



{Wj)GF,men 




(3.271) 



As a further legitimate approximation in view of the thin lens assumption 
and the fact that, in practice imen ci, he reduces this to 



{W[) 



GF,men — 



yt 



8fL 



(3.272) 



Eq. (2.51) gave the expression for the total power of a system of two thin 
lenses in air, separated by a distance d. If the lenses are refracting surfaces 
separated by d in a medium of index n', we have a “thick lens”, the case of 
our concave meniscus in the Bouwers telescope. The focal length is given by 

K = K^+K2- -K^K2 , (3.273) 

n' 



K referring to the power 1//'. For the concentric meniscus 



d^ri-r2 , 



(3.274) 



in which d > 0 and radii ri and r 2 are negative. Now 



iFi = 



(n'-l) 



K.= 



(1-n') 



ri 



T2 



(3.275) 



Substituting (3.274) and (3.275) in (3.273), we derive for the focal length of 
the concentric meniscus 



1 d / n' — 1\ 

/men ’’1^2 V / 



(3.276) 



Now is, in Eq. (3.271), the determinant parameter for the spherical 
aberration of a thin lens, for given values of yi, n! and shape determined 
by ri. If we give the real, thick meniscus the same focal length, we have, 
within the approximation defined, the condition for setting its aberration to 
compensate that of the primary mirror. From Table 3.4 and Eq. (3.21), the 
third order spherical aberration of the spherical mirror Mi is given by 

{W'j)gf,mi = = ■ (l) i 



Combining (3.276) with (3.272), we have the condition for correction of spher- 
ical aberration in the total system as 



{Wi)Bou = {W'i)raen + {Wi)Ml , 
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giving 

{W'i)gf,Bou — 



(n'-l)(n' + 2) 



dyf 

8rfr2j 32/[ 



yf 



I3 ’ 



(3.278) 



in which f{, r\ and T 2 are negative, while d is positive, giving compensation 
between the first and second terms. This gives the Bouwers condition for the 
correction of third order spherical aberration as 



dsou — '^1 




n ^ V^i / 



(3.279) 



in which ri will be given some arbitrary value, usually as large as possible, 
taking account of the detector, to reduce higher order aberration. 

In the Maksutov modification, the spherical aberration compensation 
must be maintained while the concentric meniscus form must be slightly 
modified to compensate its primary chromatic aberration. This arises from 
the dependence of its focal length on the index n' . Differentiating (3.276) 

gives 



dfLeu ^ -dn' 

/men n' {u' - 1) 



(3.280) 



Since the mirror images the virtual image of the object formed by the menis- 
cus, shifts of its focus d/4ien will be reproduced as longitudinal shifts of the 
final focus with wavelength. The Maksutov solution therefore requires a thick 
lens fulfilling the condition 



d/„ 



dn' 



= 0 



(3.281) 



If (3.275) is inserted in (3.273), the “thick lens” formula converts to 



/ n' \ 


riT2 


{n'-lj 


n'[r 2 - Ti) + {n' - l)d 



(3.282) 



Differentiation and (3.281) give then as the Maksutov condition for achro- 
matism of the primary aberration C\ in (3.222): 



d = (ri 




(3.283) 



This gives a positive d for negative radii with the usual sign convention. The 
separation of the centres of curvature of the two surfaces of the Maksutov 
meniscus is 

Az = {ri - r 2 ) - d = - , (3.284) 

n ^ 

the minus sign indicating that the centre of curvature of surface 2 is closer 
to the mirror. 
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The final design of a Maksutov telescope requires an interactive process 
typical of optical design and implicit in modern optimization programs. Es- 
sentially, for a given thickness d, the three parameters power, “bending” (i.e. 
shape for a given power) and axial position must be optimized to give op- 
timum correction of the three aberrations Ci (longitudinal chromatic aber- 
ration), Sj (spherical aberration) and Sjj (coma). It should be borne in 
mind that, once Sj and Su are corrected, the stop-shift formulae (3.22) and 
(3.213) show that, to the third order approximation, Sj, Sn and Sm are 
independent of the stop position. The stop-shift term for C 2 , given in brackets 
in Eqs. (3.223), shows that this is also true of C 2 because Ci is corrected. 

It follows that we can draw a very important conclusion for all such 
Maksutov-type systems: with C\, Sj and Sjj corrected, the front stop po- 
sition of Fig. 3.34 near the centre of curvature of the mirror (“long” Maksu- 
tov) can he abandoned in favour of a stop position at the meniscus without 
changing Ci, C 2 , Sj, Sn and Sm. Only S'y is influenced, from Eqs. (3.22), 
since S'/y ^ 0 (and by a small Sm residual), but this is of little practi- 
cal consequence. This leads to the “short” Maksutov, a form which, with 
slight optimization, gives virtually the same image quality except for a minor 
increase in astigmatism. According to Maksutov [3.38], the optimum axial 
distance of the meniscus from the mirror is about 1.3/' to 1.4/'. Not only 
is the reduction in length of the “short” form of great significance, but also 
that of the diameters of the meniscus and mirror. 



Table 3.11. Data for the “short” Maksutov telescope giving the 
results of Fig. 3.35 with D = 400 mm, f/3.0 



r 


d 


n' 

(A = 486 nm) 


Medium 


(stop) 


1.0 


1 


air 


-522.2100 


50.0 


1.522 387 


BK7 


-551.5188 


1579.784 


1 


air 


-2496.391 


-1281.084 


-1 


air 


— 1233.465 (image) 









The data of such a “short” Maksutov for a pupil diameter of D = 400 mm 
and N — 3.0 are given in Table 3.11 and the corresponding spot-diagrams 
in Fig. 3.35. The quality, for a broad spectral band, is in no way inferior 
to the “long” system because it is limited by the lateral chromatism C 2 in 
both cases. This is shown in Fig. 3.36, which represents the change to the 
principal ray path due to the stop shift. With the “concentric” stop (a), the 
principal ray cuts the first surface normally, and also the second surface 2c 
if the meniscus is concentric. C 2 is then zero. With the stop shifted to (b) 



O0SOJB p 
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Fig. 3.35. Spot-diagrams for the “short” Maksutov telescope of Table 3.11 with aperture 400mm and f/3.0 
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Fig. 3.36. Effect of stop shift on trans- 
verse chromatic aberration C 2 in a Mak- 
sutov meniscus: the “short” version (b) 
causes refraction and dispersion of the 
principal ray at the first surface, but 
the effect is largely (though not entirely) 
compensated at the second surface 



at the first meniscus surface, refraction and dispersion of the principal ray 
take place at this surface. C 2 would only be zero if the second surface were 
plane, 2p, equivalent to a plane-parallel plate for the principal ray. For a 
concentric meniscus, C 2 would correspond solely to the stop-shift term in 
Eqs. (3.223) for the value of C\ given by the concentric (Bouwers) meniscus. 
If the second surface is steepened to 2m, the Maksutov form, correcting Ci, 
there is no stop-shift term for C 2 ', but the finite curvature of 2m, combined 
with the finite thickness, produce a finite G 2 residual. With the stop at (a), 
the incidence angle of the principal ray at 2m produces the same net effect. 
This gives a numerically almost identical C 2 aberration residual in both cases, 
which is determinant for the image quality with typical fields of ±1.5°, as we 
see in Fig. 3.35. 

Further, more complex variants of the simple meniscus corrector are dis- 
cussed below. An extremely useful extension is the addition of an achromatic 
field flattener. Table 3.12 gives the data of the “short” Maksutov above, op- 



Table 3.12. Data for the “short” Maksutov system 
{D — 400 mm and f/3.0) optimized with an additional 
achromatic field fiattener, giving the results of Fig. 3.37 



r 


d 


n' 

(A = 486 nm) 


Medium 


(stop) 


1.0 


1 


air 


-523.5586 


60.0 


1.522 387 


BK7 


-557.2162 


1512.377 


1 


air 


-2497.425 


-1271.319 


-1 


air 


678.388 


-8.0 


-1.522 387 


BK7 


132.567 


-5.0 


-1.632103 


F2 


241.8428 


-3.9831 


-1 


air 


00 (image) 
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Fig. 3.37. Spot-diagrams for a “short” Maksutov telescope with aperture 400mm and f/3.0 optimized with an achromatic field 
fiattener (Table 3.12) 
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timized with such a field fiattener. The extra degrees of freedom enable C 2 
to be reduced to about one quarter and the residual Sm to about one third. 
Fig. 3.37 shows the spot-diagrams to twice the scale of Fig. 3.35. If the rela- 
tive aperture is reduced from f/3.0 to f/3.5, a further significant improvement 
is achieved by reduction of fifth order aberrations. 

The residual C 2 shown in the spot-diagrams of Fig. 3.37 is largely due to 
the secondary spectrum of the “normal” glasses BK7 and F2 composing the 
field fiattener. This leads to a curvature of the locus of the centres of gravity 
of the spot-diagrams in the field. The curvature is convex to the axis abcissa, 
corresponding to overcorrection of C 2 in the blue, undercorrection in the red, 
compared with the uncorrected C 2 of the meniscus shown in Fig. 3.35. 

3.6.4 More complex variants of telescopes derived from the 

principles of the Schmidt, Bonwers and Maksutov systems 

The telescope forms dealt with so far have consisted of one element or two 
separated elements. As we have seen, the analytical theory of the 2-element 
telescope is by no means trivial and was only initiated and completed in the 
first half of this century through the pioneer work of Schwarzschild, Chretien, 
Schmidt, Bouwers and Maksutov. 

The analytical theory of sophisticated forms containing more than three 
elements inevitably grows rapidly in complexity. Third order theory is still 
of utmost value in understanding the potential and limitations of any given 
system type, but the final layout and optimized design will be performed with 
one of the many programs available for a wide range of computers, including 
PCs. However, for the systems dealt with in §3. 6. 4.1 below consisting of 
an aspheric plate and one or two mirrors (aspheric in the general case), the 
analytical equations derived in the general theory above provide a simple and 
powerful basis for complete understanding of their optical properties. 

A complete treatment of the systems proposed and investigated in the 
past 50 years would itself require a whole book. The purpose of the account 
given in this section is to describe the characteristics of the basic types and 
refer to the literature for further detail. The books referred to are all excellent 
in their way and give a rich diversity of treatment reflecting the particular 
interests or style of the author. 

3.6.4. 1 Further developments of Schmidt-type systems. Solid and 
semi-solid Schmidt cameras: This form is really only of interest for spectro- 
graph cameras rather than telescopes but I include it here for completeness 
and because it is instructive optically. I follow the brief but excellent account 
by Schroeder [3.22]. Fig. 3.38(a) shows the basic optical property of the solid 
Schmidt and is to be compared with Fig. 3.36(b) for the Maksutov form. The 
solid Schmidt consists of a glass block with the aspheric form (front surface) 
at the centre of curvature of the spherical concave back. In glass with re- 
fractive index n', therefore, the Schmidt geometry is fully maintained. The 
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essential feature is the single refraction of the principal ray with the semi- 
field angle Upr, giving a refracted angle of Up^ — Upr/n'. Clearly, the image 
height at the spherical focal surface is reduced by the factor 1/n'. In other 
words, the effective focal length = /y^^ where /' is the equivalent focal 
length of a normal Schmidt in air of the same physical length. The “speed” 
of the system as a camera is therefore {n')^ higher, an important advantage 
in spectrographs. Alternatively, one can interpret the effect as an increase in 
the field coverage in object space. 

The image height is given by 



from Fig. 3.38(a). Differentiating with respect to n' gives 
/ d.71^ 

dry = -Uprfj;^ (3.285) 

Schroeder quotes the application of this equation to the case of a solid 
Schmidt made of Si02 for the wavelength range 400-700 nm and /' = 500 mm 
at an angle Upr — 1°, giving dry = 61 yxm. Since the scale is /'/206 265 n' ~ 
1.66 yrm/arcsec, this transverse colour aberration amounts to about 37 arcsec, 
a value which excludes use for direct imagery unless very narrow band filters 
are used. Transverse colour aberration is of no consequence in a spectrograph 
camera because it only produces a slight distortion in the spectrum. 

A conventional Schmidt plate, even if it is thick, produces no transverse 
colour because a plane parallel plate produces no change of angle of an in- 
cident beam, irrespective of wavelength. For a Maksutov telescope with its 
stop at the meniscus (Fig. 3.36(b)), the refraction at its first surface is the 
same as in the solid Schmidt; but this huge error is almost entirely removed 
by the refraction at the second surface. 





Fig. 3.38. The solid Schmidt camera in the direct form (a) and 
folded form (b), with effective focal length f'/n' 
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Schroeder shows that the solid Schmidt reduces the field aberrations by 
a factor (n')^ compared with the normal Schmidt in air. 

The focal surface can be made accessible by drilling a cylindrical hole into 
the block towards the primary mirror from the corrector face to the image 
surface, but the access remains inconvenient. Figure 3.38(b) shows how this 
problem can be solved by including a plane mirror in the block, a device first 
proposed (according to Riekher [3.39(a)]) by Hendrix in 1939. 

A semi-solid Schmidt is shown in Fig. 3.39. Its advantage is that the focal 
surface is accessible without an additional reflection but is still rigidly at- 
tached to the mirror by a single glass block. The focal length is f'/n' as with 
the solid Schmidt; the aberration characteristics are also similar. 

Wright- Vaisdld system: This was the first important modification [3.40] 
[3.41] of the basic invention by Schmidt. Accounts are also given by Bahner 
[3.5], Baker [3.23(b)] and Kbnig-Kohler [3.30]. Essentially, the aim was to 
overcome the major weakness of the classical Schmidt, its excessive length. 
Wright and Vaisala independently discovered the important property that 
the conditions for the correction of spherical aberration (Si) and field coma 
(Sii) can be fulfilled for any position of the corrector plate along the axis, 
if the mirror is given a suitable aspheric form. In fact, this is simply a fur- 
ther application of the important law discussed above as a consequence of 
Schwarzschild’s theory [3.1] that, in any telescope consisting of two elements, 
the two conditions Si = Su — 0 can be fulfilled for any (significant) axial 
separation by appropriate aspherics on the elements (see Eqs. (3.219)). The 
third condition fulfilled by the classical Schmidt {Sm = 0) cannot be sat- 
isfied, the price to be paid for the more compact form. The Wright- Vaisala 
solution places the correcting plate at the focus, halving the length of the 
classical Schmidt (Fig. 3.40). 




Fig. 3.39. The semi-solid Schmidt camera with effective 
focal length f'/n' 



3.6 Wide-field telescopes 



177 




The third order aberrations of such systems can be derived at once from 
the general equations (3.219) for an aspheric mirror and an aspheric plate. 
Since, by definition of the Wright- Vaisala telescope, the plate is effectively at 
the focus, we have Spi = + f[ with /{ negative. Eqs. (3.219) can then be 



written: 




ESi = 


(- 


E ^ii = 


(- 


E ‘5/// = 


(- 
\ f' 



-^{l + bsi) + SS*j 



3 r 



2 r 



fi 

2 



SS*j 



-f[+SS*j 



Uprl 



lpr\ 



(3.286) 



Setting Y.Si = J2 Sii 



SS*j 

bsi 




0 in the first two equations gives 



(3.287) 



thereby defining the third order optical design. The third equation of (3.286) 
then gives for the astigmatism 

= - (l) (3-288) 

If we now take the normafced data of Table 3.3 with 2/1 = — /( = Upri = 1, 
then (3.288) reduces to 

'^Siii = +- (3.289) 

With the same normalization, the field curvature is, from Table 3.4 
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(3.290) 



The effective field curvature is given from Eq. (3.203) and corresponding to 
Table 3.3 by 



from (3.289) and (3.290). Thus the optimum field is flat in the Wright- Vaisala 
telescope, as in the original Schwarzschild telescope of Fig. 3.9 but with a far 
more favourable constructional length. 

From (3.289) and Table 3.4, the astigmatism of the Wright- Vaisala tele- 
scope is only half that of a spherical or parabolic primary with the pupil at its 
pole and only about 1 /8 of that of an RC telescope of the same focal length 
(see Table 3.3), as well as giving the further advantage of a flat optimum field. 
Its field can therefore be more than twice as large as that of an RC telescope, 
comfortably covering 1° or more. But, because of its astigmatism, it cannot 
compete with the field of the classical Schmidt. 

The classical Schmidt gives with Eqs. (3.219), setting Spi — +2f[ and 

f' 

bsi — 0, the plate deformation dS} = +x- ^9®- (3-287) show therefore that 
the Wright- Vaisala telescope requires twice the plate asphericity of the clas- 
sical Schmidt and that the mirror has an asphericity of the same amount 
as a parabola but of opposite sign. The required form is therefore an oblate 
spheroid - see Eq. (3.13). Dimitroff and Baker [3.23(a)] list three cameras of 
the Wright type built in the United States with apertures up to 20 cm at 
f/4. Vaisala built one in Turku, Finland [3.42]. In general, the steep aspherics 
have been a disadvantage compared with Maksutov solutions, in spite of the 
favourable length. 

Figure 3.41 shows spot-diagrams for a Wright- Vaisala telescope of aper- 
ture 400 mm and f/4.0. The image quality is solely limited by the uncorrected 
astigmatism, growing as the square of the field. 

Schmidt- Cassegrain systems: In the general case, since Schmidt-Cassegrain 
systems provide three separated aspheric surfaces, the three aberrations 
^ S'/, ^ S// and ^ S/// can be corrected according to Eqs. (3.220) for any 
geometry of the optical system. Of course, if the separations or power pa- 
rameters of the mirrors are unfavourable, very high asphericities can result. 
Conversely, favourable choices for the geometrical parameters can produce 
excellent solutions with zero or low asphericity on the mirrors. Such possi- 
bilities were first systematically analysed in a classic paper by Baker [3.43]. 
Shorter, but excellent accounts are also given by Bahner [3.5], Dimitroff and 
Baker [3.23(c)], Konig-Kohler [3.30(a)], Slevogt [3.44], Schroeder [3.22] and 
Riekher [3.39(b)]. 

Baker proposed four different systems, types A, B, C, D (Fig. 3.42), which 
largely covered the range of interest of the 3-element Schmidt-Cassegrain. 
The systems in Fig. 3.42 are shown on the same scale of the equivalent focal 
length, the fifth case being the classical Schmidt for comparison. In all four 
Baker systems, the mirrors have equal radius of opposite signs, giving zero 




(3.291) 
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Fig. 3.41. Spot-diagrams for a Wright- Vaisala telescope of aperture 400 mm and f/4.0 
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Petzval sum Sjv = 0). All systems fulfil the conditions Si = Su = 
XI Sill = 0, giving therefore a corrected flat field in front of the primary 
mirror. The different types differ only in the position of the corrector plate. 
Type A is the shortest - the length from plate to primary can be reduced 
to only |/' or less - but requires appreciably aspheric mirrors and a very 
aspheric plate. Baker also proposes a front baffle which loses some of the 
advantage of the very short plate length. (It is important to remember that, 
as a result of the stop-shift formulae (3.22), the stop position is - to third 
order accuracy - of no consequence in these systems because '^Si ... X Siv 
are all zero). Types B and C are dimensionally almost identical: type B 
has a spherical secondary and lightly aspheric primary, type C a spherical 
primary and lightly aspheric secondary. Type D corrects the further condition 
of distortion (X Sy = 0) but requires significant asphericities on the mirrors, 
as with type A. As a consequence of the fulfilment of the condition X Siv — 0 
requiring I/ 2 I = |/i|, all the Baker systems require an image position in 
front 0 / the primary to achieve an acceptable obstruction ratio Ra- For a 
Cassegrain telescope with the following quantities defined as positive from 
Tables 2.2 and 2.3, we have from (2.57) and (2.58) 




giving Ra — L/f = L with our normalization /' = 1. Baker’s systems 
have L — 0.350 with the geometry he proposed. This is a rather high value, 
bearing in mind the field supplement required which brings the real phys- 
ical obstruction up to about 0.5. But it can still be acceptable in view of 
the other advantages. If the image position were in the more conventional 
position behind the primary, the obstruction ratio would normally be unac- 
ceptable. 

Baker considered Type B the most interesting because it reduced the 
length to some two thirds of that of the classical Schmidt while allowing 
a spherical secondary and only slightly aspheric primary. The spherical sec- 
ondary is a great advantage in manufacture: Baker pointed out that the 
primary can be used as an interference proof plate, since its central area 
hardly departs from the sphere. We will now take the Type B system as an 
example for third order analysis. The data of the system [3.5] [3.23(c)] [3.43] 



Table 3.13. Optical data of Baker Schmidt- 
Cassegrain Type B with f/3.0 and f' = l 
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D' 


bs 


(Plate) 

-1.300 

-1.300 


+ 1.394 
-0.4225 
-b 0.350 
(to image = L) 


0.333 

0.333 

0.167 


{5Sn 
+ 0.016 
0 
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Fig. 3.42. Schmidt-Cassegrain systems proposed by Baker (1940) 
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are given in Table 3.13, normalized for /' = 1. We can apply this data using 
Eqs. (3.220) to deduce the necessary asphericity 5S} for the aspheric plate 
and confirm the correction 

^ S'/ = ^ S'// = ^ Sill = 0, 



giving 



-fC + L^ + 6S*i = 0 

-di^-j + ySS*i=0 

+ + ss*i=o 



(3.292) 



Now from Table 3.13, we have Spi = —1.394/' with /' = 1. Also /2 = —0.65 
and from Eq. (2.90) 



giving with L = 0.350 the value m2 = —1.538. The mirror separation di = 
—0.4225. Now the secondary is defined as spherical in this system, giving 
from (3.41) with 6^2 = 0 



(m 2 + 1)^ / m 2 - 1 \ 

4 \m2 + 1/ 



- 0.866 



The first two equations of (3.292) then give 



SS*i = -0.621 
C = -0.924 



and substitution of the values in the third equation shows that the conditions 
are fulfilled. Eq. (3.30) gives 



6^1 — +0.016 , 

a slight oblate spheroid but only 1.6% of a parabolic deformation of opposite 
sign. 

In general, such a system can be set up with any geometry by solving 
Eqs. (3.292). 

For the Baker system B above, the aspheric plate requires SS} = —0.621, 
about 2.5 times the value of —0.25 given by Eq. (3.229) with /{ = —1 for the 
Schmidt of the same focal length. This is the price to be paid for reducing 
the length of the system. Since the chromatic errors increase linearly with 
the asphericity on the plate. Baker proposed an achromatic plate of the type 
discussed in §3. 6. 2. 6. Without this, it is clear from the stop-shift equations 
(3.22) that the spherical aberration induced by the spherochromatism will 
lead to coma and astigmatism if the stop is shifted from the plate. Such 
chromatic effects are considered in detail by Schroeder [3.22(a)]. Because 
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of these, it is no longer considered normal good practice to shift the stop 
from the plate as proposed by Baker (Fig. 3.42). The same remark applies 
to any system with a strong singlet aspheric plate producing appreciable 
sphere chromat ism . 

A Baker-type telescope with plate diameter 84 cm was built in 1949 for 
the Boyden station (South Africa) of the Harvard College Observatory in 
association with the Armagh and Dublin Observatories (ADH - telescope) 
[3.39(c)]. The flat field has a diameter of 4.8° (26 cm) with relative aperture 
f/3.7. A similar system following a design by Linfoot [3.29] with an aper- 
ture of 50 cm was built for St. Andrews University in 1953. Linfoot [3.45] 
proposed a design with 2 spherical mirrors, but with appreciable astigma- 
tism and chromatic aberration. Slevogt’s modification [3.44] [3.46] of Baker’s 
Type B system to make both mirrors spherical and accept a slight amount 
of astigmatism seems a more practical solution. 

Further details of the performance of the Baker flat-held cameras are given 
by Schroeder [3.22]. 

Linfoot [3.45] [3.47] proposed a further interesting basic form, the concen- 
tric (monocentric) Schmidt-Cassegrain (Fig. 3.43). From its basic geometry, 
this is the most fundamental, indeed obvious, extension of the basic Schmidt 
to the Schmidt-Cassegrain. However, the monocentric form puts a special 
constraint on the radius of the secondary relative to that of the primary and 
rules out immediately the possibility of the flat held given by the Baker con- 
straint of T 2 — ri. In the general case, without restriction on the final image 
position, we have from the concentricity: 

2/' = 2f[-di (3.293) 

Also, from Eq. (2.54), we have for the equivalent focal length of a Cassegrain 
system in air 




Fig. 3.43. Monocen- 
tric (concentric) Schmidt- 
Cassegrain proposed by 
Linfoot (1944) 
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(3.294) 



(3.295) 



Eliminating di from these two equations gives 
1 _ 1 1 

showing that the monocentric Cassegrain system has the same equivalent 
focal length for all finite separations di as the “thin-lens” combination with 
di — 0. Now from Table 3.5 the right-hand side of (3.295) also represents the 
Petzval sum of the system, so that 



Pc = 1 //' 



(3.296) 



and the field curvature Sjv is the reciprocal of the equivalent focal length 
of the system, exactly as for a classical single-mirror Schmidt, normalizing 
1 in Table 3.5. This is a price to be paid for the concentric form, 
but the system must be anastigmatic from its spherical symmetry about the 
plate centre (stop) and has the advantage of having purely spherical mirrors. 

We will now derive the asphericity required on the plate. For simplicity, 
we shall assume that the final image is at the pole of the primary, i.e. b — 0 
in Fig. 3.43. Then from Eqs. (2.67) and (2.72) 

L = -f[(l-RA) = -di = /'Ra (3.297) 



with 6 = 0. From Table 2.2, the quantities /(, and di were defined as 
negative in a Cassegrain telescope. From the monocentricity and Eq. (3.293): 

/2 = , (3.298) 

giving from (3.297) 

/' = + ^3 299 ) 

If /2 is now substituted in Eq. (3.295), we obtain 



1 = _1 

f f[\l + RA) 
But from (3.297) we have 



f'l = -r 



Ra 

1-Ra 



(3.300) 



(3.301) 



Eliminating /{ from (3.300) and (3.301) gives 
Ra = 1/3 , 

a value slightly more favourable than the value 0.35 for the Baker systems 
with an image position in front of the primary. The obstruction ratio must 
be more favourable, since the secondary is more strongly curved than in the 
Baker flat-field solutions. 
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If b = 0 in Fig. 3.43, we have P = —f{ and Eq. (2.84) becomes 
7712 



/2 = -A 



(to 2 + 1)(TO2 - 1). 
Combining this with (3.299) gives with Ra 
7772 1 4 “ Ra 2 

(m2 + 1)(«72 - 1) 2 3 

This leads to the equation 

2m2 + 3m2 —2 = 0 



1/3 



(3.302) 



(3.303) 

(3.304) 



for the value of the secondary magnification m 2 , whose solution is, taking the 
negative root for the Cassegrain case. 



m 2 = —2.0 



(3.305) 



Since /( = f /m^ and Sp; = +2/{, we now have the following parameters for 
calculating the third order aberrations for the normalization /' = 1.0 : 



r = 1.0 , /{ = -0.5 , = -0.33333 

di = -L = -Ra = -1/3 = -0.33333 



Spi = - 1.0 

Spherical mirrors give from Eqs. (3.30) and (3.41) with bsi = bs 2 — 0 



c = 



- 2.0 



(m 2 + 1)^ f m 2 -1 

m 2 + 1 



= -2.25 



The first equation of (3.220) requires 

-fC + L^ + 6S*j=0 

for correction of ^ Sj by the plate, giving 
dS*r = -2.0 + 0.75 = -1.25 



(3.306) 



This is an important practical result to be compared with the value —0.25 
for the classical Schmidt from Eq. (3.229) and —0.621 for the Baker Schmidt- 
Cassegrain Type B of Table 3.13. The monocentric Schmidt-Cassegrain thus 
requires a plate asphericity five times that of a classical Schmidt of the same 
equivalent focal length, and about twice that of the Baker Type B system. 
It is instructive to see from (3.306) why this is so: the first term dominates 
and depends on (m 2 )^. Now m 2 is —1 for the classical Schmidt (effectively a 
plane mirror as secondary), —1.538 for the Baker Type B and —2.0 for the 
monocentric Schmidt-Cassegrain. Here we see that the advantages of increase 
in I m 2 1 (reduction in effective length and reduction in obstruction ratio from 
the theoretical value of 0.5 for the classical Schmidt with a fictitious plane 
mirror to 0.333 for the monocentric Schmidt-Cassegrain) have to be paid for 
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by a marked increase in asphericity on the plate. Of course, these effects are 
completely analogous to the higher aberration of a Cassegrain primary com- 
pared with a Newtonian of the same focal length because of the telephoto 
effect and the steeper primary (see Table 3.3). The very strong plate is the 
weakness of the monocentric system. It is highly desirable to achromatise 
it; but this produces much larger individual plate strengths unless highly ab- 
sorbing flint glass is chosen to give a big difference in Abbe number. A further 
weakness is the length of the system compared with the mirror separation. 

It is left to the reader to confirm from the second and third equations 
of (3.220) that 

~ 'Y2 ~ ® 

The analysis above of the required asphericity on the corrector plate re- 
veals the main reason why Schmidt-Cassegrain solutions have only been real- 
ized in sizes up to barely about 1 m effective aperture: the chromatic effects of 
a simple plate become unacceptably large. The classical Schmidt may be long 
but the plate manufacture is far easier and a single plate may be adequate, 
although large Schmidts are now often equipped with an achromatic plate. 
An achromatic plate of 1 m diameter for a monocentric Schmidt-Cassegrain 
is a major technical undertaking. Spot-diagrams showing the correction of 
such a system with a singlet (non-achromatic) plate are given in Fig. 3.44 
and should be compared with those of the achromatic concentric meniscus 
system disussed in § 3. 6. 4. 2. Apart from the field curvature, the spot-diagrams 
show that the spherochromatism is the only significant error giving absolutely 
uniform quality over the ±1° field. 

If some astigmatism and a smaller field of the order of 1° are acceptable, 
then a wide variety of aplanatic solutions are possible. Such solutions are 
widely offered by professional suppliers for the amateur market for modest 
sizes and are also realized by amateurs. The advantages of compactness usu- 
ally drive the plate position parameter Spi down towards +f[, giving lengths 
about half that of the classical Schmidt. A primary of f/2 and Cassegrain 
focus of f/10 (m 2 = —5) is a common layout, typical apertures being 200 
to 400 mm. Slevogt types [3.44] with both mirrors spherical are available 
from about f/4 to f/12. Excellent accounts of these possibilities are given by 
Rutten and van Venrooij [3.12(b)] and by Schroeder [3.22]. Usually, at least 
one mirror is spherical, most frequently the primary. Eqs. (3.220) provide 
the basis for rapidly analysing any such system to third order accuracy. The 
starting geometry for amateur use will be strongly dependent on whether 
visual observation is intended, where low central obstruction ratio Ra is im- 
portant (see Sections 3.10.4 and 3.10.7 on physical optical aspects), or only 
photographic (flat field and anastigmatism for larger fields more important). 
Such aspects are discussed in detail in [3.12]. 

It is instructive to set up a typical modern aplanatic Schmidt-Cassegrain 
for amateur use to illustrate the ease and rapidity with which the paraxial 
and aberration formulae can be applied. 
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Fig. 3.44. Spot-diagrams for a Linfoot monocentric Schmidt-Cassegrain with spherical mirrors and a singlet (non-achromai 
corrector plate (400 mm, f/3.0 - f/6.0) 
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We first define the following basic parameters: 

- Aperture ratios f/2 - f/10 giving m 2 = —5 

- /' = 1, therefore f{ = —0.2 

- Corrector plate at prime focus giving Spi = +f[ = —0.2 

- Primary defined as spherical, therefore bgi = 0 

- Cassegrain image f'/W behind pole of primary, therefore b = 0.1 

The system is shown in Fig. 3.45. We derive the remaining parameters 
follows: 



P=-f[+b = 0.3 
From (2.84): 

m2 



f2^P 



{m 2 + l)(m2 - 1) 

From (2.82): 

S2 = P/ (m 2 — 1) = —0.05 
From (2.71): 

di=f[-S2 = -0.15 
From (2.89): 
m2 



L = P 



m 2 - 1 



= 0.25 



-0.0625 




Fig. 3.45. Typical modern aplanatic Schmidt-Cassegrain for 
advanced amateur use with aperture 400 mm, f/2 - f/10 
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{Check: = L/{rri 2 + 1) = —0.0625 from (2.90)) 

From (2.58): 

Ra="^= 0.25 

/i 

{Check: Ra = L/f = 0.25) 

Further checks are, from (2.64) and (Eq. (2.54): 



/2 = 



RALfi 

L + RAfi 



-0.0625 



1 _ 1 1 di_ 

fi ~ f f’ f ~ 

J Jl J2 J1J2 

From (3.30) with = 0 : 

3 

C = {bsi + 1) = —31.25 

We can now apply the first two equations of (3.220) and solve for 5Sj and 
the necessary eccentricities on the corrector plate and secondary to fulfil 
the aplanatic condition 

giving 

-fC + L^ + SS*j = 0 
~[di^+y']+'fSS*j=0 

This leads to: 

5S*j = -24.0625 
^ = -28.75 



From (3.41), we can now derive bs 2 for the asphericity on the secondary: 



{m2 + 1)^ 
4 



/ m2 - 1 
V (m2 + 1 



2 

+ bs2 , 



giving 



bs2 = -0.4531 , 



corresponding to an ellipse with less than half the deformation of a parabola. 
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We can deduce the astigmatism from the third equation of (3.220) 






J'prl , 



giving, with /' = 1, yi — 1/20 for f/10, and Up^i = 0.01 rad for a field 
diameter of 1.15°, 

a modest value. This can be converted into angular aberration at best focus 
using Eq. (3.208): 

{Su' )ast,m = -^^^(206 265) arcsec 

nyi 

Then the angular astigmatism at best focus is, setting n' = 1 for the image 
space, 

{Sup)ast,m = +0.155 arcsec , 

an excellent value. With slight defocus of the detector, astigmatic lines of 
length 0.31 arcsec would appear. We must remember, from Table 3.1, that 
this grows with the square of the field Upri- 

Because of the high secondary magnification m 2 and telephoto effect T, 
the only serious aberration is the field curvature. This is given from Table 3.5, 
with = 1 for a normalized system, by 

The effective field curvature is (see Table 3.3 and Eq. (3.203)), for the nor- 
malized system 



2Siu + Siv = 2(-0.150) + 11 = +10.70 , 



giving a radius of curvature of the optimum image surface 
Tciopt) = -/'/10.70 

With an aperture of 400 mm, /' = 4000 mm and rc(opt) = —373.8 mm. For 
visual use, this is of little consequence, but for photography a field fiattener 
would be used. Since the image surface is concave towards the light, the field 
fiattener must be a negative lens (see §3. 2. 7. 2 concerning field flatteners). 
We saw above that the asphericity required on the correcting plate is 

6S*i = -24.0625 , 

a very high value compared with —0.25 (Eq. 3.229) for a basic Schmidt tele- 
scope. This is the price for the steep (f/2) primary and the short construc- 
tional length. The determination of the plate form from the value SSj was 
given in detail in § 3. 6. 2. 2. A singlet plate is limited by chromatic effects. 
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above all spherochromatism. However, it is still better than a refractor of 
similar size using classical glasses. An achromatic plate gives better perfor- 
mance, but is a major manufacturing complication. A singlet plate is already 
a difficult element to manufacture, particularly as fifth order correction will 
also be necessary with an f/2 primary, but such a design gives a very powerful 
and compact design for amateur use. 

Figure 3.46 shows the spot-diagrams of the above design, somewhat mod- 
ified by optimization, with an achromatic corrector plate. The quality is ex- 
cellent: the field of ±1° could be increased. 

It is instructive to consider the evolution of such an aplanatic Schmidt- 
Cassegrain design as the plate is moved further from the primary. The plate 
asphericity SSj weakens and bs 2 becomes more positive, passing through 
the Slevogt solution (see below) in which both primary and secondary are 
spherical. With a doubled plate distance {spi — 2/{), the secondary is 
already an oblate spheroid with bs 2 — + 0.75 and SSj — — 19.25. If the 
plate distance is increased by a factor of five (sp; = —/'), then 6^2 = +2.555 
and SSj = — 12.03. In the limit case with Spi — — oo, its lever arm is infinite 
and dS'l — 0, i.e. the plate is non-existent and we have from Eqs. (3.220) 
the same result as the 2-mirror SP telescope without coma correction. From 
Eq. (3.137), the secondary then has the extreme form bs 2 — + 5.56. 

Reference has been made here and above to the Slevogt system [3.44] 
[3.46], in which both primary and secondary of a Schmidt-Cassegrain have 
a spherical form. In this respect, it resembles the monocentric Schmidt- 
Cassegrain of Linfoot (Fig. 3.43). However, in the Slevogt design they are not 
monocentric: the curvatures are nearly identical, giving only a small Petz- 
val sum residual. The design is therefore nearer to the Baker-types shown in 
Fig. 3.42, also from the point of view of the constructional length relative to 
the equivalent focal length which is about 1.38/'. However, it is formally an 
aplanatic Schmidt-Cassegrain, not an anastigmat, because the astigmatism 
is not fully corrected. This small residual is balanced against the residual 
Petzval curvature so that X] l^iv = ~2 ^ Sm to give an effectively flat field. 
Because of the weak curvature of the secondary, the final image is placed just 
in front of the primary, as in the Baker systems, to give reasonable obstruc- 
tion. The value of the secondary magnification |m2| is bound to be low, giving 
typically f/2 - f/3.25. With a singlet corrector plate, as with the Baker de- 
signs, the image quality is entirely limited by the large spherochromatism, but 
becomes excellent with an achromatic plate. The quality is then fully compa- 
rable with the aplanatic Schmidt-Cassegrain of Fig. 3.46, also equipped with 
an achromatic plate. Figure 3.47 shows the spot-diagrams for such a Slevogt 
system of aperture 400 mm, f/2.0 - f/3.25. 

The Slevogt system has the advantages of the spherical secondary and a 
flat field and is fast because of its low |to 2|; but its increased length, high ob- 
struction and final image position are much less favourable than the geometry 
of Fig. 3.45. 
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Fig. 3.46. Spot-diagrams for the aplanatic Schmidt-Cassegrain system of Fig. 3.45 with 400 mm, f/2 - f/10, and an achromatic 
corrector plate 
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3. 6. 4. 2 Further developments of meniscus-type systems. The first 
obvious extension of the Bouwers-Maksutov concepts discussed in §§3.6.1 
and 3.6.3 is the Bouwers-Cassegrain or the Maksutov- Cassegrain. 

The basic principles of the layout of such a system are essentially the 
same as those of the Schmidt-Cassegrain, the role of the corrector plate be- 
ing replaced by some meniscus-type system. However, the theory of aspheric 
plates is particularly elegant and simple, as was shown in § 3.4. Eqs. (3.270) 
and (3.282) showed that the effect of a meniscus is more complex, both 
monochromatically and chromatically. Nevertheless, the formulae given in 
§ 3.6.3 enable a Maksutov-Cassegrain to be laid out in a way similar to the 
Schmidt-Cassegrain. The asphericity term SSj of the plate is replaced by the 
meniscus contribution to '^Sj, respecting of course, the chromatic condi- 
tion (3.283) for the Maksutov-type meniscus. 

Quasi- concentric (monocentric) Bouwers-Cassegrain: Bouwers [3.32] pro- 
posed a two-glass concentric form of meniscus to get round the problem of 
longitudinal chromatic aberration. This can be used either in a prime focus 
Bouwers telescope or in a Bouwers-Cassegrain, as shown in Fig. 3.48. Instead 
of departing from concentricity according to the Maksutov formula (3.283) to 
achieve longitudinal achromatism, Bouwers proposed an achromatic concen- 
tric meniscus with two glasses separated by a plane surface. Since the effect 
of the meniscus is that of a negative lens, the positive half of the meniscus 
will have the higher dispersion glass. Monochromatically, the system remains 
strictly monocentric (more so than the monocentric Schmidt-Cassegrain be- 
cause of asymmetries of oblique pencils at the aspheric plate) if the refractive 
index for the central wavelength is the same for both glasses, i.e. on a horizon- 
tal line of the glass diagram of Fig. 3.32. The convex, right-hand half of the 
meniscus must have the same dispersive power with its (weaker) concentric 
surface as the non-concentric right-hand surface of the Maksutov meniscus 
provides. The requirement of a central wavelength index which is the same 
for both glasses (and preferably good blue transmission for the high disper- 
sion glass) pushes the designer towards expensive optical glasses. This is no 
doubt the reason why this form has been little used by both amateurs and 
professionals. However, its correction possibilities are extremely interesting, 
since the complete symmetry together with the basic correction of Sj by the 
Bouwers concentric meniscus give for a theoretical field of 180° apart from 
vignetting by the stop: 

Si = Sii = Sill = 0 

Siv = 1 //', 

for the normalization = 1. This is the same as for the monocentric 
Schmidt-Cassegrain, but is valid for a much larger field. Of course, the con- 
centric meniscus will still limit the f/no because of fifth order spherical aber- 
ration. 



3 Aberration theory of telescopes 





Fig. 3.47. Spot-diagrams for a Slevogt aplanatic Schmidt-Cassegrain with 400 mm, f/2.0 - f/3.25, and an achromatic corrector plate. 
The field is flat 
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It can easily be shown that the change of dispersion required for the second 
glass is very modest, so that this proposal by Bouwers can be a practical 
proposition if the glass costs are not a dominant matter. Eq. (3.284) gave the 
concentricity departure of the second surface of a Maksutov meniscus as 

Az = —d/n'"^ 



This is, then, the change dr 2 required to correct the longitudinal chromatic 
aberration C\. Consider this as a change in power of the right-hand half of 
the concentric meniscus shown in Fig. 3.48, initially having the same glass as 
the left-hand half. With the approximation of thin lenses, the power Km+ of 
the right-hand positive half is given by 



1 K - 1) 

7 ) — -f^m+ — 



/ m+ 



T2 



giving 



dK^+ = , ^^ dr2 (3.307) 

’’2 

It can be shown [3.3] [3.6] that such a thin lens gives the longitudinal chro- 
matic aberration 

Cl = ^Kra+ , (3.308) 

where y is the semi-aperture and va the Abbe number 



n' -I 

VA = r 

Hp - Up. 



(3.309) 




Fig. 3.48. Two-glass concentric (monocentric) Bouwers- 
Cassegrain telescope 
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measuring the dispersion between wavelengths F and C. Then the change in 
chromatism due to the Maksutov radius change is 



(dCijM = dAm_|_ — 

VA VA T2 



(3.310) 



In the Bouwers proposal, the same change must be generated by a change of 
giving from (3.308) 



(dCi)B = - 



y‘^Km+ 

I'A 



dvA 

VA 



y'^ {n' - 1) duA 
VA r2 VA 



Setting (dC'i)s = (dC'i)M gives with dr 2 = Az 



A.VA = -V A 



d 



,2 

n T 2 



(3.311) 



(3.312) 



Since thin-lens theory is used, (3.312) is only an approximation. If va is taken 
as 60 for typical crown glasses and d/r 2 is taken as ~ —1/10 for a typical 
Bouwers meniscus with n' ~ 1.5, we have 

Ava — 2.7 , 



a very small change of dispersion which limits the glass choice. 

Equations (3.223) show that the correction of C\ will not normally correct 
the spherochromatism; but it reduces it compared with the simple meniscus. 

Figure 3.49 shows spot-diagrams for a Bouwers achromatic, monocentric 
meniscus-Cassegrain, to be compared with the Linfoot monocentric Schmidt- 
Cassegrain of Figs. 3.43 and 3.44 using a singlet, non- achromatic plate. The 
mirror geometry was analysed in connection with the Linfoot monocentric 
system above. The glasses chosen (BKIO and BK3) reflect the limited choice 
and have Ava — 1-9) less than that required from (3.312) above. The front 
stop is abandoned, for the same reasons given for the Maksutov. The finite 
thickness of the meniscus, together with the crude approximation for Ai^a, 
lead to lateral chromatism C 2 - For this reason, a singlet (BK7) field flattener 
has been introduced, allowing excellent correction with a flat field. The ge- 
ometry is lightly modified to 400 mm, f/3.11 - f/6.0. The optical quality is 
virtually constant over the ±1° field, which could be extended apart from 
the obstruction limitation of the concentricity. 

Rutten and van Venrooij [3.12(c)] also give data for another achromatic 
variant of the concentric system, a classical Bouwers telescope with an addi- 
tional weak lens in the concentric stop (Fig. 3.50). 

The additional lens must be weakly positive. It has the advantage over the 
two-glass solution of Fig. 3.48 that a single glass type is used in both meniscus 
and additional lens. It has the same basic chromatic characteristics as the 
Maksutov but gives better performance because the concentric symmetry is 
preserved apart from small asymmetries of oblique pencils at the stop lens. 
Its performance is comparable at f/3 with a classical Schmidt with a singlet 
plate, as is shown by the spot-diagrams for such a prime focus system with 
aperture 400 mm in Fig. 3.51. This may be compared with the spot-diagrams 
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Fig. 3.49. Spot-diagrams for an achromatic, monocentric Bouwers meniscus-Cassegrain telescope as in Fig. 3.48, but with a singlet 
field fiattener added. The geometry is lightly modified to 400 mm, f/3.11 - f/6.0, and the stop is shifted to the meniscus 
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Fig. 3.50. Classical Bouwers telescope with additional weak 
lens at the stop 



of the f/3 Schmidt with a singlet plate as Fig. 3.29. For the prime focus, we 
take the large angular field of ±3°. Fifth order spherical aberration causes 
an axial image core of about 1 arcsec. If the relative aperture is reduced to 
f/3. 5, this effect declines rapidly to give about 0.6 arcsec. 

Since the results of Fig. 3.51 are achieved with only spherical surfaces, this 
modified Bouwers system must rate as a very interesting solution. If further 
sophistication is desired, the fifth order spherical aberration can be corrected 
by aspherising one face of the weak lens, permitting higher relative aper- 
tures. This then becomes a mixed plate-meniscus solution, a type discussed 
in §3.6.4.3. 

Figure 3.51 can also be directly compared with the spot-diagrams of 
prime-focus Maksutov designs of the “short” type given in Figs. 3.35 and 
3.37. Because of the weak lens at the pupil in the centre of curvature, the 
modified Bouwers form is appreciably longer than the “short” Maksutov. 

As a concentric Cassegrain, the extended Bouwers telescope of Fig. 3.50 is 
also an attractive form. As with the Linfoot concentric Schmidt-Cassegrain, 
m 2 = —2. Figure 3.52 shows spot-diagrams for a system with aperture 
400 mm and f/3.0 - f/6.0. The field correction is so good that the angular 
field of ±1° is limited solely by the obstruction. 

The Maksutov- Cassegrain: Maksutov solutions, in general, accept a depar- 
ture from concentric symmetry. The most complete accounts of the possibil- 
ities are given in two books mainly intended for amateurs, since the amateur 
market with modest apertures has made most extensive use of such systems. 
The two references concerned are Rutten and van Venrooij [3.12(d)], fre- 
quently referred to above, and Mackintosh [3.48]. The latter is a collection of 
articles from the “Maksutov Circulars” for advanced amateurs. 

Here we shall demonstrate the power of this solution by giving the results 
in detail for a “short” Maksutov- Cassegrain of the non-flat field type with an 
aperture of 400 mm and a primary working at f/3. 5. This is slightly “slower” 
than the examples given in [3.12(d)] and relaxes the “zonal error” (fifth order 
spherical aberration). 
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3.51. Spot-diagrams of a classical Bouwers telescope (prime focus) with weak achromatising positive lens in the pupil (400 mm, 
The angular held is large (±3°) 
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Fig. 3.52. Spot-diagrams of a classical Bouwers-Cassegrain with weak achromatising lens (400 mm, f/3.0 - f/6.0), as shown in Fig. 3.50 
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Figure 3.53 shows the preferred variant in two versions, “long” and 
“short”. The only difference is the position of the stop, the “long” ver- 
sion having the conventional stop position quasi-concentric to the meniscus, 
the “short” version the stop at the meniscus. Since the system is aplanatic it 
is uncritical for the monochromatic third order aberrations where the stop is 
placed; and, as we saw in Fig. 3.36, the residual transverse chromatic aber- 
ration (C 2 in Eqs. (3.223)) is unaffected by the stop shift because C\ is 
corrected. 



Table 3.14. Design data for the Maksutov-Cassegrain of Fig. 3.53. Aperture 
400 mm, f/3.5 - f/10.71 





Radius 


Separation 


Medium 


n 


Stop 




10.0 (short) 


Air 








650.0 (long) 








-635.758 


52.153 


Schott BK7 


1.518 522 




-666.034 


1089.798 


Air 






-2800.000 


-1047.000 


Refl. 






-1122.990 


1047.000 


Refl. 




(Ghost surface) 


00 


150.000 


Air 




(Field surface) 


-1000.000 


0 


Air 





The design data (in mm) are given in Table 3.14. The system was laid out 
for a miniature camera format with image diameter to the field corners 44 
mm. The basic parameters are (mm): 



2yi = 

/' 

fi 

b 

Ncass (f/no) = 

m2 = 

Length ~ 

Length ~ 

Semi-field angle = 

Gaussian semi-image height = 
Central wavelength = 

Subsidiary wavelengths = 

Effective field radius = 

Scale = 



400 

4285.29 
-1400 (f/3.5) 

150 

10.71 

-3.06 

1302 (stop (short) to Cass image) 
1941 (stop (long) to Cass image) 
Uprl — 0.30° 

22.435 
486 nm 

365, 405, 656, 1014 nm 
(for chromatic aberrations) 

—1000 mm 
20.8 /xm/arcsec 



The total length of the “short” version is 30.4% of /'; of the “long” version 
45.3%. Even the long version is a very compact telescope. 

Figure 3.54 gives the spot-diagrams for the “short” version. 
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Fig. 3.53. Maksutov-Cassegrain in “long” and “short” versions with secondary 
separated from the meniscus. Example with aperture 400 mm, f/3.5 - f/10.71 



The spot-diagrams of Fig. 3.54 are, monochromatically, almost entirely 
limited by fifth order spherical aberration. The aplanatic condition in this 
design is achieved by adjusting m 2 : a value |m 2 | < 3.06 produces “inward” 
coma, a value |m 2 | > 3.06 “outward” coma. This has an important conse- 
quence for the second variant (secondary mirror coated on the back surface 
of the meniscus) analysed below. The constancy of the monochromatic spot- 
diagrams over the field is shown by the dgo values of the energy concentrations 
(80% encircled energy diameters) for the “short” system. These are given in 
Table 3.15 for three field heights and three wavelengths. 



Table 3.15. dgo values (80% encircled energy diameters 
in pm) for the “short” system of Fig. 3.53 and Table 3.14 



Wavelength 


400 nm 


550 nm 


700 nm 


Semi-field height 








0° 


13.5 


7.3 


12.3 


0.21° 


12.3 


8.4 


12.6 


0.30° 


11.4 


8.1 


12.2 



Clearly, the monochromatic field aberrations are effectively negligible over 
the curved field (this is not true for a flat field). Spherochromatism increases 
the central wavelength value of about 7 pm at the subsidiary wavelengths, 
showing that the f/no of f/3.5 for the primary is in good balance with the 
spherochromatism. The transverse colour error is the most serious error. The 
origin is solely the finite thickness of the meniscus, combined with its finite 
rear curvature (see Fig. 3.36). Since the finite thickness is essential to correct 
the spherical aberration and to give the meniscus stability, there is no means 
of correcting C 2 without a further optical element, such as a field flattener. 
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3.54. Spot-diagrams for the “short” version of the Maksutov-Cassegrain of Fig. 3.53 and Table 3. 14 for an optimum curved field 
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The “long” system not only increases the length by almost 50%; it also slightly 
increases the diameters of the elements unless vignetting is accepted. The 
slight improvement in astigmatism does not justify the major increase in 
length, because the colour error C 2 is determinant. 

An attractive solution for manufacture is to combine the secondary with 
the back surface of the meniscus by evaporating aluminium on to its central 
area. The system is shown in Fig. 3.55, the data in Table 3.16 and the spot- 
diagrams in Fig. 3.56. 

The radius of the secondary is no longer a free parameter except within 
the limits over which the meniscus can be optically “bent” . The system given 
has m 2 = — 4.34 and has a substantial amount of “outward” coma as a 

result, a total spread of about 2.0 arcsec at the corner of a miniature camera 
format (semi-field = 0.21°), with field curvature. The aperture and radius of 
the primary are the same as those of the previous system. 




Fig. 3.55. A Maksutov-Cassegrain with secondary combined 
with the meniscus. Aperture 400 mm, f/3.5 - f/15.20 



Table 3.16. Design data for the Maksutov-Cassegrain of Fig. 3.55 





Radius 


Separation 


Medium 


n 


Stop 




10 


Air 






-689.537 


90.000 


Schott BK7 


1.518 522 




-741.9692 


1152.691 


Air 






-2800.000 


-1152.691 


Refl 






-741.9692 


1152.691 


Refl 




(Ghost surface) 


00 


150.000 


Air 




Image surface 


-1000 


0 


Air 





The lack of aplanatism is, of course, a normal situation in Newton and 
Cassegrain telescopes and can be quite acceptable for visual use. Because of 
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3 . 56 . Spot-diagrams of the Maksutov-Cassegrain of Fig. 3.55 
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the field coma, a “long” version of this variant makes no sense at all. The ad- 
vantage of such a system for amateurs is the economy of one convex spherical 
surface. Since only the central area of the convex meniscus face is used for 
the secondary, a high quality of its figure is largely assured. The combined 
element also has advantages in maintaining centering. Nevertheless, the apla- 
natic solution of Fig. 3.53 is optically much superior and normally worth the 
extra effort of producing a separate secondary if photography (direct imagery) 
is intended. 

Some comment is necessary on the thickness of the meniscus corrector 
in Maksutov telescopes. The situation is not the same as that of strictly 
concentric (Bouwers) designs. In the latter, the contribution of the meniscus 
thickness to the compensating spherical aberration is a direct function of the 
thickness: the first surface produces a massive overcorrection, the second a 
massive undercorrection. The undercorrection is smaller because the second 
surface has a radius longer by Ar with 

d — ri — r 2 = Ar , 

since the spherical aberration contribution of a surface depends for a parallel 
beam roughly on the third power of (1/r) - see the first equation of (3.20) in 
which A and A (^) are proportional to (1/r) for a parallel beam. The differ- 
ence between the two contributions must compensate the spherical aberration 
of the mirror system. The shallower the meniscus, the thicker it must be. 

In Maksutov designs, concentric symmetry has been abandoned to achieve 
the chromatic condition C\ = 0, giving from (3.283) 



as the paraxial condition. For the glass BK7, this gives 
d= (1.766)zir 

Maksutov [3.38] [3.12(e)] recommended 
d={l.lQ)Ar , 

which compensates for the focus shift due to the sphere chromatism. The data 
of Tables 3.14 and 3.16 above follow this formula quite closely, the factors 
being 1.723 and 1.716 respectively. 

Since concentricity has been abandoned, a degree of freedom is available in 
Maksutov designs which is not available in the Bouwers telescope: the freedom 
to “bend” the meniscus optically irrespective of its position while maintaining 
the chromatic condition (3.313). The “bending” changes the “shape factor” 
involved as (1/ri) in Eq. (3.270) [3.3] ]3.6] for the “thin-lens” approximation, 
giving a variation in the spherical aberration produced. To a third order, then, 
the thickness of a Maksutov meniscus becomes arbitrary. Maksutov ]3.38] 
recommended a thickness ratio of D/IO which is often followed. Wright ]3.49] 
and Rutten and van Venrooij [3.12(e)] show that the fifth order spherical 




(3.313) 
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aberration (zonal error) is reduced by increasing the thickness d, but the 
transverse chromatic aberration C 2 is made worse. So increase of d improves 
the axial quality at the cost of field correction. The improvement in zonal 
error comes essentially from the increase of ray height y at the second surface 
compared with the first. 

The system of Table 3.14 has a fairly conventional thickness d = D/7.Q7. 
In Table 3.16, a thickness d = H/4.44 was taken, giving a massive support 
for the secondary on the convex surface. The dgo energy concentration of 
the axial spot-diagram of Fig. 3.56 is 0.33 arcsec; that of Fig. 3.54 with the 
thinner meniscus is 0.35 arcsec. This difference is too small to justify the 
additional cost and weight of a 90 mm meniscus in the one case compared 
with the 52 mm meniscus in the other case. However, the 52 mm meniscus 
has a somewhat lighter task, as the larger secondary mirror compensates 
somewhat more of the aberration generated by the primary. 



Table 3.17. Surface contributions for the aplanatic Maksutov- 
Cassegrain of Table 3.14 



Surface 


SA3 (= Si) 


SA5 


First meniscus 
(difference) 
Second meniscus 
Primary 
Secondary 


1.400134 
(0.100 093) 
-1.300 041 
-0.159686 
0.051701 


0.080 553 
(0.007402) 
-0.073 151 
-0.001554 
0.000 841 


Sum 


-0.007892 


0.006 689 



Finally, it is instructive to note the third and fifth order surface contri- 
butions (.SHO = Si, SAB) in such cases. The aplanatic system of Table3.14 
gives from calculations with the ACCOS V program the values of Table 3.17. 
The negative residual sum of SA3 balances the positive residual sum of iSAb. 
The net correction of S' A3 produced by the meniscus is 0.100 093, whereas its 
individual surface contributions are some 13^ times higher. This is a warning 
that the meniscus is an element with critical radius tolerances. Although the 
surfaces are spherical, because they are steep it is not an easy element to 
manufacture. 

The system of Table 3.14 has a curved field. In a normal Maksutov- 
Cassegrain, a flat-held requirement is incompatible with aplanatism. The 
held can be flattened by an additional field flattener. 

For further details of such systems, the reader is referred to Chapters 10 
and 11 of Rutten and van Venrooij [3.12] and Chap. 4 of Mackintosh [3.48]. 

3. 6. 4. 3 Mixed plate-meniscus systems. The zonal (fifth order) spherical 
aberration of the Bouwers and Maksutov telescopes soon led to proposals with 
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Fig. 3.57. Hawkins-Linfoot Schmidt-Bouwers telescope with f/1.2 in the prime 
focus 



aspheric plate-meniscus combinations. Classic work was done by Hawkins 
and Linfoot [3.50] in 1945. The starting point was a concentric Bouwers tele- 
scope^. The chromatic aberration C\ was compensated by a weak achromat 
in the stop, corresponding to the weak positive lens proposed by Bouwers. 
In order to achieve a high relative aperture (f/1.2), the zonal aberration was 
corrected by aspherising the plane external surface of the achromatic cor- 
rector (Fig. 3.57), which shows the system both in the original prime focus 
form and also in the concentric (monocentric) Cassegrain variant. The weak 
achromat corrector has similar properties to the two-glass Bouwers menis- 
cus of Fig. 3.48, the two glasses having the same refractive index for the 
central wavelength but different dispersions, the convex part again being of 
higher dispersion glass. In contrast to the weak positive lens corrector of 
Fig. 3.50, this corrector has no optical power at the central wavelength: its 
function is purely limited to chromatic correction iCi) and removal of fifth 
order spherical aberration. It should therefore be superior to the monocentric 
Schmidt-Cassegrain of Fig. 3.43, since the asphericity on the plate is far lower, 

^ Hawkins and Linfoot point out that D. Gabor [3.51] had already patented a 
meniscus corrector system of the Maksutov type with annular aperture in 1941 
(see also Maxwell [3.52] for details). Konig-Kohler [3.30(b)] and Riekher [3.39(d)] 
point out that such a system was also patented by Penning [3.53] in 1941. Ac- 
cording to Riekher [3.39(d)], Bouwers [3.32] sought a patent in the Netherlands 
for his concentric meniscus in 1941 and 1942 and in 1945 patented a system using 
a concentric meniscus with an aspheric correcting plate at its centre of curvature, 
i.e. a Hawkins-Linfoot system. 
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giving smaller asymmetries for oblique pencils. Spot-diagrams are shown in 
Fig. 3.58, which should be compared with Figs. 3.44 and 3.49. Clearly, the 
optical quality is superb, with spot-diagrams within 0.5 arcsec over the whole 
field of ±1.0°. 

Another possibility is to maintain a purely concentric meniscus with an 
aspherised singlet positive lens, as shown in Fig. 3.50 without the aspherisa- 
tion. This monocentric form should be nearly as good as the Hawkins-Linfoot 
monocentric design. 

A further modification is discussed by Rutten and van Venrooij [3.12(f)] 
under the name “Companar”. The corrector system is an aspherised weak 
positive lens together with a concentric meniscus as above, but is otherwise 
laid out as a flat-field design with mirrors of roughly equal curvature. The 
system is designed for a very high aperture ratio in the Cassegrain focus of 
f/2.5 giving a high obstruction ratio of about 60% of the diameter. At f/3, the 
aspherisation on the corrector lens is considered unnecessary, so the system 
is like Fig. 3.50, but in a flat-held version. 

The Hawkins-Linfoot (prime focus) design is often referred to as a “Super- 
Schmidt system”. According to comparisons by Konig-Kohler [3.30(c)], such 
a system still gives a monochromatic extension of a spot-diagram in the tan- 
gential section within 0.01 for a system normalized to /' = 100 at a field of 
± 30° and for a relative aperture of f/1.5. A classical Schmidt reaches this 
limit at about ±1.5°. A concentric system is almost as good, monochromat- 
ically, with an extension of 0.02. 

Another Super-Schmidt system of a similar, but even more sophisticated 
form, was patented by Baker [3.54] [3.55] in 1945. The Hawkins-Linfoot as- 
pheric achromatic corrector is at the centre of two concentric meniscus shells. 
This system is discussed by Bahner [3.5], Konig-Kohler [3.30] and Maxwell 
[3.52]. The Baker Super-Schmidt is shown in Fig. 3.59. The nominal relative 
aperture is 0.67 and the effective relative aperture 0.82. Further developments 
are described by Bradford [3.56] and Davis [3.57]. The image quality is re- 
markable, bearing in mind the extreme speed of the camera: even at the edge 
of the field of ± 26°, the dgo energy concentration diameter is within 50 pm 
for the entire photographic wavelength band. The system length is 3.7 f. 

Another form of Super-Schmidt is the Baker-Nunn camera, designed for 
satellite tracking. This is described in detail by Henize [3.58]. Briefer accounts 
are given by Bahner [3.5] and Riekher [3.39(e)]. This system (Fig. 3.60) is 
essentially a modified Schmidt, since it dispenses with the menisci of the 
meteor camera and uses a symmetrical close triplet group of lenses in the 
pupil instead of a Schmidt plate. The inner 4 of the 6 lens snrfaces are all 
aspherised. The focal length is 510 mm at f/1. The outer (convex) lenses are 
of Schott short flint glass KzFS2, the inner (concave) lens of dense crown 
SK14. KzFS2 is a “special glass” with abnormal dispersion, allowing correc- 
tion of secondary spectrum (see Fig. 3.31 and Chap. 4). The two glasses have 
roughly the same refractive index for the central wavelength. If the corrector 
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Fig. 3.58. Spot-diagrams for the Hawkins-Linfoot monocentric Cassegrain of Fig. 3.57, aperture 400 mm, f/3.0 - f/6.0 
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Fig. 3.59. Baker Super-Schmidt, with /' = 200 mm, effective 
aperture ratio f/0.82 and field ± 26° 




4 aspherics 



Fig. 3.60. Baker-Nunn camera, designed for satellite track- 
ing, aperture 508 mm, f/1.0 

is considered as two identical halves disposed about the central symmetry 
plane, each half can be seen as a refinement of the Hawkins-Linfoot corrector 
in which the powered surface is separated into two aspheric surfaces by an 
airspace. Each half is therefore like an achromatic Schmidt plate with power 
added. The symmetrical doubling of the system halves the asphericities and 
produces complete symmetry to the stop, thereby eliminating asymmetries 
of the oblique pencils. The dgo energy concentration diameter is within 20/rm 
for a wavelength band from the near UV to the far IR even at the edge of 
the field strip of 5° x 30°. 

The Baker-Nunn camera has been included here as one of the “Super- 
Schmidt” systems to be compared with the Baker Meteor Camera above 
(Fig. 3.59). However, generically, the Baker-Nunn system is also related to 
the Houghton-type lens correctors dealt with below in this section. 
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Fig. 3.61. Double-meniscus system due to Wynne [3.59] 
(schematic) 



Double or multiple meniscus systems without corrector plate: The paper 
of Maksutov in 1944 [3.38] was remarkably complete with regard to the pos- 
sibilities with a single meniscus. Shortly after, in 1947, Wynne [3.59] [3.60] 
extended the analysis in an important paper to two menisci more or less 
concentrically disposed round the stop. These systems are also discussed by 
Maxwell [3.52], who refers also to such a stop-symmetrical two-meniscus sys- 
tem designed earlier by Bennett [3.61]. Bennett stated that his system was 
self-achromatic. Wynne optimized the balance of the centres of curvature of 
the surfaces of the system with regard to the stop (Fig. 3.61). He showed that 
not only the longitudinal chromatic aberration C\ could be much improved 
in this way, but also that the zonal (fifth order) spherical aberration could 
be considerably reduced for a given total meniscus thickness. Furthermore, 
the symmetry balance of the centres of curvature of the surfaces shown in 
Fig. 3.61 improves the field correction. The system can therefore be used at 
higher relative apertures than a single meniscus system, or the field may be 
extended since transverse chromatic aberration C 2 and astigmatism can also 
be influenced. 

Wynne also investigated in detail the effect of an asymmetry of the 
thicknesses of the menisci, giving the system shown in Fig. 3.62. This asym- 
metry permits both the longitudinal and transverse chromatic aberrations 
Cl and C 2 to be fully corrected. A further advantage is that fifth order 
spherical aberration can be largely eliminated, giving excellent axial perfor- 
mance at high apertures (f/1); but the off-axis correction is made worse. 
For wide fields, therefore, the more symmetrical design of Fig. 3.61 is to be 
preferred. 

Maxwell [3.52] also mentions the principal advantages of an aspheric ex- 
tension of the Wynne symmetrical double-meniscus system of Fig. 3.61, in 
which the two inner meniscus surfaces are aspherics. This gives an extremely 
powerful control of both fifth order spherical aberration and spherochroma- 
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Fig. 3.62. Double-meniscus system due to Wynne with 
strongly asymmetric meniscus thicknesses [3.59] (schematic) 



tism, as emerges from the analysis of Wynne [3.60]. This system rivals the 
Super-Schmidt systems discussed above. 

Wynne [3.59] also analysed a system in which the front (thick) meniscus 
of Fig. 3.62 is split into two, giving a three element corrector with spherical 
surfaces. The basic purpose was to maintain a large total thickness of the 
menisci, which is favourable for the spherical aberration and field correction, 
but reduces the mass and thickness of the single front element. The nearly 
concentric airspace produced has some design advantages but these are offset 
by the increase in complexity and number of surfaces of the system. 

Richter- Slevogt or Houghton-type lens correctors at the pupil: We have 

seen that the recognition by Schmidt in 1931 of the advantages of a corrector 
element in a pupil shifted in front of the primary mirror of a telescope un- 
leashed a remarkable harvest of optical design solutions using aspheric plates 
and concentric or quasi-concentric menisci. In this period, a third generic 
variant was also discovered: the replacement of the Schmidt aspheric plate 
by a lens system with spherical surfaces. According to Kohler [3.30(d)] [3.46] 
and Riekher [3.39(f)], the first such system was probably published by Son- 
nefeld in 1936 [3.62]. This was an extremely fast system using a doublet 
corrector and a Mangin mirror (see § 3. 6. 4. 4) and is not closely linked to the 
basic Schmidt geometry. However, in 1941 Richter and Slevogt [3.63] applied 
for a patent for a Schmidt-type solution replacing the aspheric plate by an 
afocal doublet with spherical surfaces, an important design form. In 1944, 
the same design principle was patented by Houghton [3.64]. In the English 
literature, such systems are usually called Houghton-type systems, but equal 
credit should be given to Richter and Slevogt. 

For a full account of the many interesting possibilities of this generic type, 
the reader is referred to Rutten and van Venrooij [3.12(g)]. 

Houghton’s patent gave a lens corrector for a spherical primary. Above all 
for smaller telescopes this was a very significant advance. His aim was to show 
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Fig. 3.63. Buchroeder design of a Houghton-type corrector in 
Schmidt geometry (200 mm, f/3) given by Rutten and 
van Venrooij [3.12(g)] 



that a two- or three-lens corrector with spherical surfaces could achieve good 
correction instead of the technically difficult Schmidt plate. In principle, then, 
any design considered above with an aspheric plate combined with one or two 
mirrors can be considered as a candidate for a Houghton-type system where 
the plate is replaced by a lens corrector. If aspheric surfaces are introduced, 
such as in the Baker-Nunn system of Fig. 3.60, the system becomes a hybrid 
of Houghton and aspheric plate or plates. 

A basic Houghton type described in [3.12(g)] is the Buchroeder design 
with the geometry of the basic Schmidt, i.e. the corrector at the centre of 
curvature of a spherical mirror (Fig. 3.63). This type of corrector is particu- 
larly attractive for amateurs since it not only has spherical surfaces but also 
only one glass type. The corrector is afocal, thereby eliminating longitudinal 
chromatic aberration C\. Furthermore, four surfaces all have the same radius, 
either positive or negative, the other two being plane. This greatly simplifies 
the manufacture. Of course, as a single glass corrector generating spherical 
aberration, it is bound to suffer from spherochromatism proportional to the 
dispersion of the glass. Also, since the system only has spherical surfaces, 
it will - like the Maksutov - be limited in relative aperture by fifth order 
spherical aberration. Rutten and van Venrooij give spot-diagrams for their 
standard aperture of 200 mm at f/3. Over the curved field, the spot-diagrams 
remain well within 25 /rm for the whole photographic spectral range (C - h) 
out to a field of ± 30 mm (nearly ±3°). Although this is not as good as a clas- 
sical Schmidt of this size, the quality is excellent compared with photographic 
grain for small sizes of telescope. 

Another very interesting Houghton-type analysed by Rutten and van Ven- 
rooij is ascribed to Lurie [3.158, 3.159]. In this form, a doublet corrector is 
placed at a pupil somewhat inside the focus, even shorter than the Wright- 
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Fig. 3.64. Lurie design of a Houghton-type corrector in 
Wright-Vaisala camera geometry (200 mm, f/4) given by 
Rutten and van Venrooij [3.12(g)] 



Vaisala camera (Fig. 3.40) which it resembles in a Newton form (Fig. 3.64). 
However, the Lurie design has an extra degree of freedom with its doublet 
corrector compared with a single plate in the Wright-Vaisala camera. This 
enabled Lurie to produce an aplanatic design with a spherical mirror. The 
field is limited by astigmatism, but this is less than that of the Wright-Vaisala 
camera. Such a system, designed for f/4, is virtually diffraction limited over 
the visual spectral range (C - F) and a field of 1.5° diameter. The improved 
axial performance compared with the f/3 Buchroeder version arises essentially 
from the layout at f/4 for the aperture of 200 mm, which reduces the fifth 
order spherical aberration and spherochromatism. In the Newton form the 
optical length of the f/4 Lurie system is </', i.e. about 650 mm, compared 
with an optical length >2/', i.e. about 1250 mm, for the f/3 Buchroeder sys- 
tem. The price of this compactness is the astigmatism limitation in the field 
for the Lurie system, although this to some extent flattens the field accord- 
ing to the effective field curvature (25'/// -I- 5/y) - see Table 3.3. In view of 
its compactness and use of only spherical surfaces, Rutten and van Venrooij 
are certainly right in drawing the attention of amateurs to the merits of this 
form. They also show an equally compact Maksutov-Newton telescope with 
the same geometry. Unlike the Lurie-Houghton design, the Maksutov-Newton 
they show is not aplanatic and therefore seems less interesting. 

More sophisticated designs use two different glasses, enabling correction 
of spherochromatism. 

Figure 3.65 shows spot-diagrams for a Lurie-type design, somewhat mod- 
ified from that shown in Fig. 3.64 to allow a more direct comparison with the 
Wright-Vaisala system of Fig. 3.40. The Lurie system now has the afocal cor- 
rector just in front of the focus, as with the aspheric plate in Fig. 3.40. This 
increases the length somewhat, but also relaxes the design. In both systems 





Fig. 3.65. Spot-diagrams for a modified Lurie-Houghton design with aperture 400 mm at f/3.5 and geometry like the Wright- Vaisala 
system of Fig. 3.40 
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the field is limited by astigmatism. However, even at f/3.5, the Lurie sys- 
tem (with all spherical surfaces) has only about half the astigmatism of the 
Wright- Vaisala system at f/4.0. At a field of ±1° this Lurie gives an image 
spread on the optimally curved field of about 2 arcsec, compared with about 
4 arcsec for the Wright- Vaisala (Fig. 3.41) on its optimum (flat) field. 

It is possible to improve the astigmatism of the Lurie even further by 
bending the two corrector lenses to give a double-meniscus corrector, with 
its elements either concave or convex to each other. However, this worsens 
the correction of spherical aberration and coma. 

Cassegrain solutions equivalent to the prime focus solutions of Figs. 3.63 
and3.64 also give excellent performance [3.12(g)]. 

In general, as stated by Rutten and van Venrooij, such Houghton- type 
systems are of great interest for amateur size telescopes. For professional 
instruments, the maximum size will be limited, as in the Maksutov case, by 
the limitations of high quality optical glass of appreciable thickness. All these 
solutions can find application in spectrograph optics. 



3. 6. 4. 4 Mangin types and refracting combinations. Although the use 
of a meniscus, as a separate element more or less concentric with the pupil for 
correcting the aberration of a concave spherical primary, was only invented 
in the 1940s [3.32] [3.38] [3.51] [3.53], its invention as a double-pass element 
attached to the primary is much older. It was first proposed by Mangin 
[3.65] in 1876 for systems projecting light beams (searchlights). Since such 
projection systems are simply small-field telescopes in reverse, many telescope 
forms involving the Mangin principle have been proposed. 

The original form (Fig. 3.66) of the Mangin system for projection (search- 
lights) is analysed in detail in the older literature, e.g. Czapski-Eppenstein 
[3.11(c)]. Both the front and back (mirror) surfaces are spherical, the double- 
pass meniscus correcting the third order spherical aberration. The back sur- 
face reflection had the great advantage that the chemically silvered reflecting 
surface available at that time could be protected from behind by paint and 




Fig. 3.66. Original Mangin system for searchlight projection 
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was far more robust than a front-silvered paraboloid. The system was de- 
signed to have the front surface concentric with the focus. Various improve- 
ments subsequently aspherised either or both the surfaces. 

For telescopes, the basic Mangin form is very limited in application, since 
- with the pupil in the normal position at the primary - the system has the 
same order of non-aplanatism as the single paraboloid (Newton) telescope. 
Furthermore, the axial imagery suffers not only from spherochromatism but 
also from longitudinal chromatic aberration Ci. This arises because there 
are only two free parameters, the radius difference and the thickness of the 
meniscus, whereas a Maksutov meniscus has the further free parameters of 
its position and its optical “bending”. In the Mangin form, the radius dif- 
ference for a given thickness must be fixed to correct Sj, the only condition 
correctable. With spherical surfaces, the system also suffers from fifth order 
spherical aberration which is reduced, as with the Maksutov, by increasing 
the thickness of the meniscus. 

Details of more modern developments of telescopes using the Mangin prin- 
ciple are given by Maxwell [3.52] and Rutten and van Venrooij [3.12(h)]. The 
first obvious improvement is to achromatise the meniscus in a way analogous 
to the two-glass achromatic Bouwers meniscus of Fig. 3.48. Maxwell [3.52] 
shows such an achromatic version due to Rosin and Amon [3.66]. It uses the 
Bouwers principle of two glasses with the same refractive index for the central 
wavelength (1.6134), but different dispersion {i/ji — 57.3 and 43.9), the con- 
vex part being of higher dispersion glass as in the Bouwers system. Unless 
the stop is shifted from the Mangin mirror, even the achromatic form can 
only be used for limited fields at high relative apertures. If the stop is shifted 
to some compromise point of the centres of curvature of the two surfaces, a 
major improvement in field performance at the cost of doubling the length 
of the system is possible. Maxwell [3.52] shows a number of more sophisti- 
cated designs using Mangin elements. An interesting one by Silvertooth [3.67] 
uses both a Mangin primary and secondary, the secondary being on the front 
face of a full-aperture meniscus corrector. This system also has a 4-element 
corrector in the beam converging on the focus. 

A practical design for an achromatic Mangin prime focus telescope is given 
by Rutten and van Venrooij [3.12(h)]. Here the two glasses do not have the 
same index at the central wavelength, so that an additional small refraction 
takes place at the glass interface. For their standard aperture of 200 mm, 
they select a relative aperture of f/5. Since the glasses have “normal” disper- 
sions, the secondary spectrum limits the axial performance, according to their 
calculations, although the power of the Mangin element is weak compared 
with a normal refracting objective and therefore gives much less secondary 
spectrum. This defect could be much alleviated by using “special” glasses 
with better secondary spectrum characteristics, but such glasses are much 
more expensive. The field is limited by coma which is about half that of a 
Newton telescope. It can be improved by the glass choice and, they claim, 
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removed by an airspace in the Mangin meniscus (compare secondary spec- 
trum compensation in the Schupmann Medial telescope below). Rutten and 
van Venrooij state that a “normal glass” version would need to have its rel- 
ative aperture reduced to f/10 to give fully acceptable secondary spectrum 
characteristics, too long to have much interest. This confirms the viewpoint 
of Maxwell [3.52] that the basic achromatic Mangin form is of limited inter- 
est. This is a pity, since the back-reflection remains a favourable feature for 
protecting an aluminium coating or, even more, silver with its superior re- 
flectivity in the visible. Also, the basic Mangin consists of a single block and 
avoids centering problems between separated elements. The Mangin possibil- 
ity should be borne in mind for other, more complex designs such as those 
cited by Maxwell [3.52] or the Sonnefeld system [3.62] referred to in §3. 6. 4. 3 
above. 

Lens telescopes with catadioptric compensation-Schupmann Brachymed- 
ial and Medial: Although we are entering here somewhat into the domain of 
refracting telescopes, these designs should be considered as an interesting con- 
sequence of the basic Mangin technique of combining lenses with mirrors. An 
excellent account of the historical development is given by Riekher [3.39(g)]. 
He describes the Dialyte telescope of Pldssl (1850) in which a singlet objec- 
tive is compensated for its aberrations by a smaller, nearly afocal doublet of 
two (normal) glasses, giving an achromatic combination (Fig. 3.67). 




Fig. 3.67. Dialyte telescope due to Plossl (1850) 



The longitudinal aberration ^ (7i of a set of separated thin lenses is given, 
following Eq. (3.308) by 



In the Dialyte corrector, we assume the ray height y to be the same for both 
elements, giving 



for chromatic correction. It is easily shown that the secondary spectrum is also 
reduced compared with a classical full-size achromat because the individual 




(3.314) 




(3.315) 



220 3 Aberration theory of telescopes 

powers of such an achromat are higher than that of the Dialyte singlet. This 
is true of “normal” glasses: if special glasses are used, the secondary spectrum 
can be further reduced. 

The medial systems of Schupmann took up these principles but used cata- 
dioptric compensation elements. The first such system was already proposed 
by Hamilton [3.68] in 1814 and consisted of a singlet objective compensated 
by a Mangin-type concave mirror (Fig. 3.68). Schupmann [3.69] analyzed such 
possibilities exhaustively and derived two classic solutions, the Schupmann 
Brachymedial and Medial forms. The Brachymedial (Fig. 3.69) is, in principle, 
close to the Dialyte and Hamilton Brachymedial in that the compensating 
element is nearly half the size of the singlet objective. An important differ- 
ence from the Hamilton version is the broken contact (air space) between the 
compensating lens and the mirror. The use of the concave mirror permits 
virtually complete compensation of secondary spectrum (as well as the com- 
pensation of the primary spectrum C\) because of an important consequence 
of the theory of secondary spectrum. The secondary spectrum of a “normal” 
glass was shown in Fig. 3.30 and is simply the departure from linearity of 
the dispersion function with wavelength. First order chromatic correction 
(Cl) rotates the function so that two wavelengths Ai and A 2 are corrected 
as shown in Fig. 3.31. The correction of secondary spectrum requires that a 
third wavelength should also be corrected. It was shown by Konig [3.11(d)] 





Fig. 3.69. Brachymedial due to Schupmann (1899) 
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that correction of the secondary spectrum with “normal” glasses obeying the 
linear relationship between index n and Abbe number va for the dispersion 

n = A + Bva , (3.316) 

which is roughly true for the main sequence of classical glasses, is only possible 
for a train of separated “thin” lenses if either object or image are virtual. For 
telescopic systems, the object is always real, even at infinity. The above law 
implies, then, in practice, that correction of secondary spectrum in such a 
refracting system is only possible if the image is virtual. The extension of 
this theorem to normal glasses not obeying Eq. (3.316) has been given by 
Kerber [3.70]. The Schupmann systems accept this situation and convert the 
virtual image of the refracting system into a real image by reflection at a 
spherical concave mirror, as shown in Fig. 3.69. As in the Dialyte of Fig. 3.67, 
the lens-mirror corrector is roughly afocal in its final effect except that the 
magnification is — 1 instead of ~ +1. The third order spherical aberration 
can be corrected by adjusting the “bending” of the concave corrector lens. 

A more sophisticated form due to Schupmann is the Medial telescope 
(Fig. 3.70). Here the singlet objective is compensated by a double-meniscus 
compensator with spherical concave mirror placed after the focus. This re- 
images the primary image without magnification with a slight tilt to make 
it accessible to one side. Such imagery at a concave sphere without magnifi- 
cation is aplanatic due to symmetry and the astigmatism is small for small 
tilts. The 90° deviating prism also forms a convex lens. The aperture of the 
compensating system is about 1/4 of that of the objective. Schupmann in- 
vestigated four possible compensation systems. The one shown in Fig. 3.70 
has a separated meniscus in front of a Mangin mirror, a form used for the 
335 mm aperture system built for the Urania Observatory in Berlin in 1902 
[3.39(g)]. The secondary spectrum was only 1/20 of that of a normal equiva- 
lent refractor. If a further airspace is introduced in front of the mirror, even 
finer correction is possible. 




Fig. 3.70. The Medial telescope due to Schupmann 
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The Schupmann designs are essentially special forms of the refracting 
telescope which has not been included in our definition of modern telescope 
optics. They have been discussed here because they are an elegant example of 
correction by double-pass Mangin-type compensators. For amateur sizes they 
certainly retain considerable interest, as indicated by Rutten and van Ven- 
rooij [3.12(h)]. They quote a modern work by Daley [3.71] dealing with the 
amateur construction of such systems. 

Systems with Mangin secondaries and Medial geometry. Many designs of 
great variety exist. Fig. 3.71 shows a very compact design with all spher- 
ical surfaces due to Delabre [3.72]. Here, the primary is f/2 working in a 
Cassegrain type arrangement with a plane secondary as the back of a nega- 
tive Mangin lens. Although the secondary is plane, the obstruction is quite 
low because of an internal image which is transferred out in the Brachymedial 
geometry by a 5-element refracting system. The length between the reflect- 
ing surfaces of primary and secondary is only 636 mm for an aperture of 
400 mm and an equivalent focal length of 3000 mm (f/7.5). The field is about 
0.8° diameter for miniature camera format. The quality is limited by coma 
and transverse chromatic effects, 80% of the energy being within 1 arcsec 
(14.5 /xm) at a field of ±0.3°. The purpose of such designs is to replace full- 
aperture menisci by smaller elements: but corrector elements near the pupil 
are always the most effective. 

Further interesting developments of the basic optical concept of the 
Brachymedial designs of Figs. 3.68 and 3.69 have recently been published 
by Busack [3.160]. In a normal uniaxial form, an additional convex lens, near 
the image, is added to the basic design of Fig. 3.68. This enables the removal 
of the fundamental optical weakness of the Brachymedial, the lateral colour 
or chromatic difference of magnification (see Eq. (3.223)), using only spher- 
ical surfaces. Busack claims that this gives a performance equivalent to the 




Fig. 3.71. Compact system using Mangin secondary and 
Brachymedial geometry due to Delabre 
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Schmidt telescope, with apertures up to //2 and fields up to 5°, but with the 
advantage of a flat field and shorter overall length. The disadvantage of such 
solutions is that they require high quality optical glass not only for the front 
lens, but also for the Mangin mirror, whose optical thickness is doubled by 
the back reflection. This limits the size of practical application. However, the 
back reflection permits better protection of the reflecting coat. A number of 
modifications of the basic system are given in the patent. 

In a later patent [3.161], Busack extends the above prime focus system 
to a Cassegrain version. He refers to a patent by Gallert of a similar system, 
whereby Gallert uses a positive front lens of convex-concave form, the concave 
back surface then serving in its reflecting centre as a concave secondary mir- 
ror. This system gives good correction at //3 over a 4° field. Busack’s system 
uses a similar front lens, but has a separated conventional Cassegrain con- 
vex secondary, close to the front lens. This is essentially a normal Cassegrain 
extension of his prime focus system and gives similar excellent correction 
at //4 over a 4° field. The advantages claimed over the Gallert system are 
a shorter overall length, a longer back focal distance, a smaller central ob- 
struction and correction of distortion. If some field curvature is permitted, 
the central obstruction can be so far reduced that the system is considered 
eminently suitable for visual observation. All surfaces are again spherical and 
only one glass type is used. 

3.6.5 Three- or multi-mirror telescopes (centered) 

3. 6. 5.1 Various three-mirror solutions. Most designs using 3 mirrors 
are unattractive in practice because of obstruction problems. However, there 
are two solutions due to Korsch [3.73] of considerable practical interest. In 
general, the theory of 3-mirror systems is of fundamental importance for the 
extension to 4 mirrors. 

By analogy with the theory of 2-mirror-plate telescopes above and from 
Eqs. (3.220), it is clear that any axial distribution of 3 powered, aspheric 
mirrors can give correction of Sj, Su and Sm (see §§3.6. 2.1 and 3.4, and 
also [3.13]). The general analytical formulation is given by Schroeder [3.22(b)] 
and inevitably has a complexity exceeding that of Eqs. (3.220) because the 
third mirror has power as well as asphericity in the general case. A closed- 
form solution for centered 3-mirror telescopes giving correction of all 4 third 
order conditions 



Si = Sii = Sill = Siv = 0 

has been given by Korsch [3.73]. His formulation, lightly modified to bring it 
into line with our notation and sign convention, is reproduced here. Korsch’s 
formulae assume the entrance pupil is at the primary and the object distance 
is infinite, i.e. mi — 0. His free design parameters are then 



m 2 , ms and P 2 
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where mv is the object to image magnification of surface v, and Pi, is the 
pupil object to image magnification of surface v. is determined by the 
paraxial ray, p^ by the paraxial principal ray. For the formulation of a 2- 
mirror system in Table 3.5 we used the strict sign convention of Tables 2.2 
and 2.3. The Korsch formulae, adapted to this system, are: 
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P3 = 



bs3 — — 
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d2 = 
L = 
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Korsch gives two examples of the application of his formulae above to two 
three-mirror geometries, shown in Fig. 3.72 (a) and (b). The application of 
the Korsch formulae to his system (a) is shown in Case 9 of Tables 3.2 and 
3.3 for the usual normalization with yi = 1 and /' = —1. The set-up data 
for the Korsch proposal with f/4.5 are: 



Primary f/no 
Final f/no 

r 

m 2 

f'l 

ri 

Ra 



f/3 

f/4.5 [yi = 1/9.0 = 0.111111) 
-1 

—10 (negative for Cassegrain) 
-0.666 667 
-1.333 333 

-1-0.25 (positive for Cassegrain) 




Fig. 3.72. Two 3-mirror anastigmatic, flat-field solutions proposed by Korsch 
(1972): (a) single-axis system, (b) 2-axis system 
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Then, from (3.318), 
m 3 = —0.150 , 

an exact value differing from the value —0.149 given by Korsch. This small 
rounding error has a significant effect on the remaining values deduced from 
the formulae, which therefore differ somewhat from those given by Korsch. 



Table 3.18. Data of the system 
of Fig. 3.72(a), adapted from 
Korsch [3.73] 



Ni 


3.0 


^ system 


4.5 


/' 


-1 


f'l 


-0.666 667 


ri 


-1.333 333 


m 2 


-10 


Ra 


-bO.25 


m 3 


-0.150 


P2 


-0.270 270 


P3 


-b2.775 003 


T2 


-0.370 370 


ra 


-0.512 821 


di 


-0.500 000 


d2 


-b0.213 675 


L 


-0.217 949 


bs3 


-1.401477 


bs2 


-2.843 216 


bsi 


-1.262 939 



Inserting the above parameters in Eqs. (3.317) to (3.323) gives the result of 
Table 3.18 for the complete data of the system. The Schwarzschild constants 
5s 1 / for the three mirrors show that all three are hyperbolic with eccentricities 
not excessive compared with normal 2-mirror solutions. The above data give 
exact correction for Case 9 in Table 3.3 of all four third order aberrations Sj, 
Sii, Sill, Sjv- 

The complexity of the Eqs. (3.317) is instructive. We saw in § 3.2.4 that 
the third order theory of a 1 -mirror telescope is trivially simple; that of 
a 2-mirror telescope considerably more complex. The 3-mirror formulation 
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Fig. 3.73. 3-mirror system due 
to Paul (1935), see also footnote 
on p. 324 concerning Mersenne 



above is instructive, but too unwieldy to be of wide application in practice, 
even though it is simplified by the assumption of the entrance pupil at the 
primary. (Of course, the stop position is uncritical, to the third order, for an 
anastigmatic telescope). However, the forms of Fig. 3.72 proposed by Korsch 
are the two most interesting 3-mirror systems: (a) because of the final image 
position behind the secondary, giving stray light baffling by M 2 ; and (b) 
because of its 2-axis nature and the general potential of 2-axis systems - see 
§3.6. 5.3. 

The system of Fig. 3.72 (a) given by Korsch is, in fact, a more generalised 
form of a system already proposed in 1935 in a classic paper by Paul [3.74], 
shown in Fig. 3.73. The essential properties of this system and further devel- 
opments are excellently treated by Schroeder [3.22(b)]. The original Paul form 
starts off with a Mersenne afocal anastigmatic beam compressor defined by 
Eq. (3.97) and Table 3.6 as a Cassegrain system of two confocal paraboloids 
(Fig. 1.3). Paul added a spherical tertiary mirror to this beam compressor as 
shown in Fig. 3.73, placed so that its centre of curvature is at the vertex of the 
secondary. This tertiary, of course, introduces spherical aberration, but oth- 
erwise functions as a Schmidt primary receiving an anastigmatic beam from 
the exit pupil of the beam compressor, if the exit pupil is placed at the sec- 
ondary. Paul then corrected the spherical aberration by the following elegant 
and simple concept: he defined r^ = r 2 and, instead of correcting ^ Sj by 
making the tertiary parabolic, he achieved the same correction by removing 
the parabolic form of the secondary, thereby making it also spherical. 

We can now apply the “aspheric plate theory” of § 3.4 to show that the 
field aberrations coma and astigmatism are also corrected. Let the exit pupil 
of the beam compressor be placed at the vertex of the secondary. (This as- 
sumption has no effect on the anastigmatism of the beam compressor, since 
from Eqs. (3.213) a stop shift has no effect on the third order terms apart 
from distortion) . Then the removal of the parabolic form from the secondary 
to correct ^ Sj is the equivalent of adding an aspheric plate to the unchanged 
secondary to achieve the same effect. Since the pupil is at the secondary and 
the tertiary is concentric with it, the addition of such an equivalent “Schmidt 
system” has no effect on ^ Su and ^ Sm which are zero from the original 
anastigmatic beam compressor, as follows from Eqs. (3.214). If the exit pupil 
of the beam compressor is now shifted to its normal position behind the sec- 
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ondary, corresponding to the usual stop position at the primary, Eqs. (3.213) 
show there is no effect on ^ S'/, ^ S// and ^ S/// due to this stop shift. The 
Paul system is therefore anastigmatic with XI ~ X ~ but 

the field is not flat, and has a curvature of Pc = l//i- 

Baker [3.23(d)] [3.75] modified the Paul system into what is known as 
the Paul-Baker system by setting the condition jr 3 j > |r 2 | such that the 
Petzval sum is zero and a flat field is achieved. The third order theory of this 
Paul-Baker form is simple and elegant. 

From the definitions leading to Eq. (3.20) we have for the field curvature 

^ ^ nu) 

with Cl, = IIti,. Then 



For the afocal, 2-mirror beam compressor 
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(3.324) 



The condition for X Pc = 0 in the Paul-Baker system is therefore 

r2 



(3.325) 



(3.326) 



Since jra j > |r 2 j , the spherical aberration introduced by the tertiary is reduced 
compared with the Paul system. Baker compensates this by modifying the 
aspheric on the secondary. Since it receives an afocal beam, (5/)3 can be 
calculated from Eqs. (3.25) for the simple case of a primary with paraxial ray 
height 2/3 = y 2 - Then, in the first equation of (3.20) we have 



ys 


= 1/2 


^3 
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r3 




= -f2^ 
r3 



giving 



{Sih = - 1/2 -3 = 



4 ( V2 
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With 1 / 2 /i/i = i' 2 /i’i, this reduces to 
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(3.327) 
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Similarly, for the secondary 



^2 



m 

r2 



enidA(-) = 
\nJ 2 



2;/2 

1 

r2 



giving 

iSi)2 = (3.328) 

for its contribution as a spherical mirror. For the basic afocal beam compres- 
sor, corrected for aberration, {81)2 is compensated by {Si)l by making it 
parabolic. In (3.20) we have for an aspheric form defined by bs2 

{81)2 = T 2 = ^(n' - n)2bs2yt 

With (n' — 71)2 = -1-2, this reduces to 

(81); = -t-2^ bs2 , (3.329) 

giving, with bs2 = —1, the required compensation of {81)2 for the normal 
Mersenne beam compressor with the parabolic form. For the Paul-Baker sys- 
tem we require for the correction of ^ 5/ = 0, the condition from (3.327), 
(3.328) and (3.329) with a parabolic primary form 



(^7)2 + { 8 i )*2 + { 8 j )3 = 0 , 



since the tertiary is defined as spherical. This gives 






= 0 , 



(3.330) 



leading to the required form of the secondary as 

bs2 = -l+(^'^^ =-l + (l-i^A)^ (3.331) 

from (3.326) and (3.330). If Ra = 0.25, this gives bg2 = —0.578, a moderate 
elliptical form. For normal values of Ra, the value of from (3.326) will 
require M 3 to be placed behind the primary in order to provide a reasonable 
final image position. This implies a perforated primary, as proposed by Baker. 

The “aspheric plate theory” of §3.4 can be applied in exactly the same 
way as for the Paul system above to prove that field coma and astigmatism 
are zero, so that the Paul-Baker system gives 



^ S'/ = ^ 811 = ^ 8111 = ^ 81V = 0 



Schroeder [3.22(b)] comments on the first large practical realisation of 
such a Paul-Baker telescope as a transit instrument with a 1.8 m primary 
working at f/2.2 and an axial obstruction ratio Ra ~ 0.32. He states near- 
diffraction-limited imagery is given over a 1° field. As with all such three- 
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Fig. 3.74. The Willstrop Mersenne-Schmidt telescope with 
f/1.6 and a 4° diameter field (1984) 



mirror solutions, careful baffling is required to prevent light reaching the 
detector directly from Mi or M 3 , giving appreciable central obscuration of 
about 22% of the light. The system is described by McGraw et al. [3.76]. 

An interesting extension of the Panl or Paul-Baker concept is a proposal 
by Willstrop [3.77]. He also perforates the primary, but places the third 
(spherical) mirror sufficiently far behind it that the final image is formed 
in the plane of Mi (Fig. 3.74). The optical design theory is not changed 
in principle, bnt allows a compact telescope with moderate field curvature 
and excellent correction over a 4° field diameter. Willstrop points out that 
Mersenne’s original proposal in 1636 (Fig. 1.3) showed a perforated primary. 
He therefore calls his system a Mersenne-Schmidt telescope. The system is 
admirable since the Mersenne telescope does not suffer from chromatic aber- 
rations. Its one weak feature is the inevitable large central obstruction. This 
is a more severe restraint than in the Paul or Paul-Baker concepts because 
of the large separation M 2 M 3 which defines |r 3 | with the Schmidt geometry 
centered on the secondary, as with Paul. If, following Paul, both M 2 and M 3 
are spherical to the third order, then C 2 = and is relatively long. Since 
Ra — r 2 /ri in the afocal Mersenne telescope, the obstruction is high. In 
the Willstrop proposal, Ra = 0.5 becanse di = = f 2 = f[/2. This axial 

obstruction is inevitably farther increased at the primary perforation by the 
field snpplement. Willstrop analyses the total obstruction in detail for a field 
of 2° or 4° in diameter. Depending on the stop position and baffle arrange- 
ment, he deduces total obstructions (by area) between 41 and 45% for the 4° 
diameter field. He makes the entirely valid comment that the effective surface 
area loss at the primary of typical large Schmidt telescopes due to the pupil 
(plate) shift and field is even larger, about 53%. 

Epps and Takeda [3.78] had already proposed a similar system with a 
perforated primary and third mirror a short distance behind it. We shall see 
in § 3. 6 . 5. 3 that these 3-mirror concepts of Epps and Takeda, Willstrop and 
Korsch can be extended to give excellent designs with 4 powered mirrors, 
particularly with 2 -axis geometry. 
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Fig. 3.75. Baker 3-mirror, 2-axis anastigmatic telescope (1945) 



Baker [3.23(d)] also gave design details of a 2-axis (brachy-type) , anas- 
tigmatic predecessor of the concept of Fig. 3.72 (b) suggested by Korsch. A 
primary concave paraboloid has a 45° flat mirror at its focus which deflects 
the diverging beam to a concave collimating hyperboloid. The collimated 
beam is then focused by a concave sphere as in the Paul-Baker telescope. 
Apart from the brachy-form in which the beam is turned at right angles, this 
Baker form (Fig. 3.75) is generically the Gregorian equivalent of the Paul- 
Baker telescope above. The hyperbolic form of the concave secondary has 
the same function as the elliptical convex secondary in the Paul-Baker tele- 
scope. The properties of this system, as a fundamental generic type of 2-axis 
telescope, are further discussed in § 3. 6. 5. 3. As a practical form for modern 
3-mirror telescopes, the Korsch design of Fig. 3.72 (b) is much superior. 

A modification of the Paul-Baker 3-mirror telescope which is of interest, 
above all, in smaller sizes for amateurs is the Loueday telescope [3.79]. Details 
are also given by Rutten and van Venrooij ]3.12(i)]. Instead of an indepen- 
dent tertiary, the Loveday design uses the primary with a second reflection, 
as shown in Fig. 3.76. The final image is at the prime focus since the first 
two mirrors again form a beam-compressor of the classical Mersenne afocal, 
anastigmatic pair of confocal paraboloids. The primary can either be used 
directly as a relatively fast Newton telescope or as a slow Newton telescope 
with 3 reflections. If the f/no of the primary is fi/Ni, then that of the com- 
plete system is f[/ {NiJ R a). Typical values for an amateur telescope given 
by Rutten and van Venrooij are Ni = 6, Nfin = 24, with Ra = 0.25. 

The similarity with the Paul-Baker telescope ceases with the 3-mirror 
geometry, since the tertiary (i.e. Mi) is parabolic in form, not spherical. 
It therefore suffers from the held aberrations of a parabolic primary with 
its entrance pupil at the exit pupil of the beam compressor. However, the 
relative aperture is so weak that the performance is still excellent over the 
40 mm held given by Rutten and van Venrooij for a Loveday telescope of 
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Fig. 3. 76. Dual-purpose Newton telescope due to Loveday (1981) 



200 mm aperture working at f/24. As a tertiary in this Loveday geometry, 
the primary has a radius nearly three times that of a Paul-Baker telescope. 

Recently (2000), a complete and masterly analysis of all potential 3- mirror 
telescopes was initiated by Rumsey and carried out by Rakich [3.162] [3.163]. 
The basis of his approach is the Burch “plate diagram” or “see-saw diagram” 
(see § 3.4). He also uses a theorem enunciated in 1900 by Aldis [3.164], stating 
that four spherical surfaces are sufficient to produce an anastigmatic image, 
and extended by Burch in 1942 [3.28] to show that 2 spherical surfaces and one 
aspheric surface or 2 aspheric surfaces alone are sufficient for anastigmatism. 
(This general theorem is not applicable to concentric systems such as the 
Schmidt telescope or more complex forms of concentric mirrors) . Thus Rakich 
deals with the general case of anastigmatic solutions containing 3 powered 
mirrors of which 2 are spherical, the object conjugate being infinite. The 
theorems of Aldis and Burch, as used by Rakich, can also be derived as limit 
cases of the generalised Schwarzschild theorem given in §3. 6. 5. 3. 

The extension of the Burch method is developed into an automatic pro- 
gram which, for the predefined input parameters ti (separation of primary 
and secondary mirrors - d\ in our notation) and C 2 (curvature of the sec- 
ondary mirror), generates and solves a cubic equation. The solutions of this 
cubic equation define anastigmats. Different cubics are generated depending 
on which mirror, primary, secondary or tertiary, is aspherized. This enables 
a survey of the plane in parameter space defined by t\ and C 2 . The use in 
three programs of the three separate solutions gives rise to 3 families of solu- 
tions for each type of cubic equation. Each family is divided into sub-families, 
separate regions in the (ti, C 2 ) plane between which no real anastigmats exist. 

In this way, a total of 15 sub-families are generated. A further division 
defines sub-regions containing solutions with positive or negative Petzval sum, 
flat field solutions lying on curves where these regions touch. 

“Filters” are built in as conditions which reject impractical systems be- 
cause of too extreme parameters. As a result, many solutions are rejected 
and 5 potentially useful families remain. Rakich presents, as normal uniaxial 
or folded systems, 9 novel anastigmats, some of which are closely related to 
known systems and others completely new. 
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Finally, some very interesting “Schiefspiegler” systems are presented 
which are discussed in § 3.7. 

By covering the whole effective parameter space of his 3-mirror solutions, 
using Rumsey’s basic ideas, Rakich has presented a most elegant analysis 
which may be seen as the definitive triumph of classical third order theory 
as a tool for setting up telescope solutions. 

Rakich [3.165] has subsequently attempted to extend his approach to 4- 
mirror (all spherical) telescopes. He points out that the dimensionality of the 
solution space goes from one dimension for 2 aspheric mirrors, through two 
dimensions for 3 mirrors with 1 aspheric to three dimensions for 4 spherical 
mirrors. Most solutions thrown up are blocked by his filters and none were 
attractive because of high central obstruction, etc. The solutions discussed 
in §3. 6. 5. 3 do indeed suggest that, at this level of parametric complication, 
intuition and experience may well be more fruitful than a general analytical 
solution. However, according to latest information from Rakich, he is still 
hoping to set up useful Schiefspiegler solutions with 4 spherical mirrors. The 
spherical mirror form makes the manufacture of such excentric systems much 
easier than that of excentric aspherics. 



3. 6. 5. 2 Recursion formulae for calculating aberration coefficients 
for the general case of n mirror surfaces. In § 3. 2. 4. 3 analytical ex- 
pressions were developed for the general case of 2-mirror telescopes. As was 
pointed out in connection with Tables 3.2 and 3.3, calculations based on the 
direct tracing of the paraxial aperture and paraxial principal rays are highly 
desirable as a check on systems set up from analytical formulae. Ray-trace 
calculations must follow the systematic sign convention given in § 2.2.3. 

The analytical formulae given by Korsch in §3. 6. 5.1 for the general so- 
lution of a 3-mirror system satisfying all four aberration conditions (S'/ = 
Sii = Sin = Siv — 0) show the complexity of a general analytical solution 
even for 3 mirrors. Furthermore, these formulae apply the simplifying condi- 
tions that Si = 00 and Sp^i = 0, i.e. object at infinity and entrance pupil at 
the primary. 

Rather than extend such general analytical solutions to even more com- 
plex forms for fi > 3, we will now give recursion formulae which enable the 
basic parameters of Eqs. (3.20) to be determined rapidly and simply with- 
out tracing paraxial rays. These formulae are derived, in fact, by tracing 
a paraxial ray in the general case and expressing the result only in basic 
constructional parameters or natural parameters of the system. These pa- 
rameters are similar to those used by Korsch in Eqs. (3.317)-(3.323). Such 
recursion formulae represent a special case for reflecting surfaces of a general 
formulation known as Gaussian brackets [3.7(a)] [3.80] [3.81]. According to 
Herzberger [3.7(a)], Gauss devised this algorithm for the solution of a linear 
diophantine equation [3.81]. In spite of its apparently evident applicability 
to the linear paraxial equations that Gauss himself had formalised, he failed. 
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according to Zimmer [3.80(a)], to recognize the utility of his algorithm in this 
case. 

The general starting parameters (see Eqs. (2.36)) for a paraxial ray (either 
aperture or principal) incident on a telescope system are Si (or Spri) and u\ 
(or Upri). Otherwise, all quantities must be expressed in terms of 

■■■,rn and di,d 2 , ■■■,dn , 



the constructional parameters. The refractive indices ni, H 2 . ■ . ,Un are not in- 
cluded because our purpose is to establish formulae for a system of ri-mirrors 
in air, giving only sign inversions with n = ±1. This brings a considerable 
simplification, but for n > 3, the formulae still become complex in terms 
of these parameters. They can be simplified to elegant, recursive forms by 
introducing, similarly to Korsch, the parameters 



Ml ? M2 ) • • * ) and fj’prl ? ^pr2 5 • • • ) t^prh ) 

in which /x^ expresses the inverse magnification at the (/-surface of the aper- 
ture ray and Hpn, the inverse magnification at the (/-surface of the principal 
ray (inverse pupil magnification). Then 



Ml/ = 



7/ 

and iipru = — — 

Upri/ 



(3.332) 



These are therefore the reciprocals of the quantities and Pi, in Eqs. (3.317). 
Our sign convention also strictly follows the ray-trace rules: because n'/n = -1 
at the reflections, di, is negative if u is odd, positive if even. Radii are negative 
if concave to the incident light direction (from left to right). The signs of 
and Ppri, are given by the ratios defined in (3.332). 

The general recursion formulae ioi the parameters of Eqs. (3.20) are, then, 
for mirror surface v with z/ > 1: 



2/1/ 

A. 

Ml/ 



[-si + podo -I- {piopi)di -I- (moMiM2)«^2 + • ■ ■ + {p,o...pv)du ] ui ' 

(moMiM2 • • -M(i/-1)) (Mi/ - 1)] Ml 
[(-1)“'(MoMiM2 • • • M(i/-1))(Mi/ + 1)] Ml 



(t ^ r ) fsi - (mo)c^o - (MoMi)t^i 

LV(M0MiM2---M(i/-1))/ 

(MoMiM2)c^2 - ... - (moMiM 2 • • •M(i/-i))t^(i/-i)j 






with d = do,di,d 2 , . . .d^^_i) 
and po = 1 , do = 0 



(3.333) 



These equations apply to both the paraxial aperture and principal rays. Start- 
ing with Spri and Upri, they then give the field parameters j/p^i/ and A^, in 
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Eqs. (3.20). If the object is at a finite distance Si and the aperture ray has 
the angle u\ to the axis, then the formulae give the aperture parameters 
A, andA{^)^. 

For a 4-mirror telescope, (3.333) gives: 



yi = -siui 

V2 = (-si -h pidi)ui 

2/3 = {~Sl + y-ldi + PlP2C^2)wi 

2/4 = (-si + pidi -h Mi/T2d2 + pi/X2/r3d3)Mi 



^1 = - 1)mi 

A 2 = -|-i/Xi(p2 - 1 )m1 
A 3 = -|/Xl/t2(p3 - 1 )m1 

A4 = -|-i/Xi/i2M3(M4 - 1 )mi 

^( s)l = -(/^1 + 1)«1 
^(^)2 = + l)ui 

^(^)3 = -/ilM2(/T3 + 1 )mi 
^(n)4 “ +A‘iM 2/^3(A‘4 + l)ui 



fJ-0 

fJ'l 

fJ'2 

M3 

P4 



= -fl (by definition) 

= — (2si - ri) 

n 



1 

C2 

1 / 2si 



2si 

2di — T2 

/^i 



2di 

I 2d2 - r-3 

?’3 VA‘lAt2 /T2 



1 / 2si 



C4 V/riAt2M3 



2di 2^2 „ , 

2a3 

/^2M3 M3 




(3.334) 



Putting Si = 0 and applying these formulae to the paraxial principal ray, 
the quantities ypr and A^, can be checked for any of the systems given in 
Tables 3.2 and 3.3. With the normalization used there, we set up Upri — -t-1. 

The above general form is, in practice, of more direct use for the principal 
ray for which Sp^i is normally finite, often zero. For astronomical telescopes, of 
course, the normal case is si = 00 , and Si ^ 00 has little practical significance. 
Because of the singularity introduced with si = 00 , the general recursion form 
of (3.333) requires modification. The recursion formulae resulting break down 
for 1 / — 1, but are generally valid for v > 1: 
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Recursion formulae for si = oo 



= 2/1 






(ifJ-o)do + ■ ■ ■ 

+ (M0/^1M2 • • ■ fJ-(u-l))d(u-l)^ 

(Mi/X2 . . . - 1) 



(_l)(-i) 
with the condition i/ > 1 






(/X1/X2 . ■ . + 1) 



22/1 

ri 



with the condition z/ > 1 






-M 



Tl 

, - ifJ-i)di - inifi2)d2... 

/Tl/i2 • • • ^ ^ 

-[^ll^l2 ■ ■ ■ /i(^-i))d(,/-i) j 

with the condition v > 1 



> (3.335) 



In these formulae the following quantities are pre-defined: 
d'O — Ml — + 1 ; do — 0 

Because of the singularity, apart from the case of yi , the formulae break down 
for 12 — 1. The recursive nature requires yi — +1, but the specific case of 
= 1 gives fii — 0, which also gives the correct result from the terms {fii, — 1) 
and + 1) for Ai and A (^)^- 

For a 4-mirror telescope working in the normal way with si = oo, the for- 
mulae (3.335) then give the following results, in which = -|-1 by definition: 
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Vi 

V2 

ys 

Vi 

^1 

■A-2 

^3 

A4 



^(^)l 

\ n / 3 
\ n / 4 



Ml 

M2 

M3 

M4 



Ml 

Ml 

Ml 

Ml 



1 {yidi) 

ri 

1-A 

n 

i-A 

Tl 



(^Hidi + {fjiifi2)d2 
(^Hldi + {flifl2)d2 + (miM2M3)^^3) 



Tl 

-/Xl(/X2 - l)f — 
V?’i 



+MiM2(M3 - 1)( — 



-MiM2M3(M4 - 1)( — 
\»'l 



ri 

-Mi(M2 + 1)( — 

V »^i 



+MiM2(M3 + 1) 
-MiM2M3(M4 + 1) 



V ri 
(2m 









+1 by definition 



1 

T2 

1 

rs 

1 

1'4 



{£) Ci - 



1'2 



- (Ml)f^l - (MiM2)i^2 - (MiM2M3)^^3) - 1'4 



,MlM2M3 



(3.336) 

For the normal case of Si = oo, Eqs. (3.335) or (3.336) give the aperture 
parameters y^, Ai, and A in Eqs. (3.20). From (3.333) or (3.334) we can 
calculate ypn, and A,^. The parameter {HE)i, in Eqs. (3.20) is given by 

{ddE^jy ijjpr /y^V 5 

as given in the definitions for (3.20). The remaining parameter is the aspheric 
parameter given in the definitions for (3.20) as 
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Tj, = +cl{n - n)bsuyt = 



1 



(n - n)bs„yf, 



For our purely catoptric system with reflexions only, this becomes 




(3.337) 



Finally, we have for the field curvature 




or 



(cct = (-ir(i) 



(3.338) 



for a purely catoptric system. 

This completes the formulae enabling the calculation of third order aber- 
rations for any system consisting only of mirrors in a quite general way, with 
or without normalization of aperture and field, without the need of numer- 
ical ray tracing. They provide a powerful tool for the analysis of any of the 
purely catoptric systems treated above and may be preferred by the informed 
reader, because of their generality, to the specific formulations for 2-mirror 
systems given earlier in this chapter. 

An interesting analysis of the theory of 3-mirror telescopes is given by 
Robb [3.82]. Robb is concerned specifically with 3-mirror solutions like Korsch 
[3.73], and notes the complexity of the Korsch equations (3.317) et seq. He 
uses first order combinations of the constructional parameters to simplify the 
formulation of third order aberrations for the three mirror case. The same 
procedure is possible with the recursion formulae above if the parameters are 
inserted in Eqs. (3.20). But the simple recursion properties are then lost and 
the complexity increases rapidly for h surfaces where n > 2. 

3. 6. 5. 3 Other 3-mirror and 4-mirror solutions. Robb [3.82] considers 
a number of 3-mirror designs and gives an optimized form for the geometry 
shown in Fig. 3.77, for an angular field of 2.30°. The geometry is similar to 
that of the Willstrop telescope of Fig. 3.74, except that the strict afocal feeder 
is replaced by a slightly convergent beam and an optimization performed by 
the technique referred to at the end of § 3. 6. 5. 2 above. This optimization was 
performed balancing third, fifth and seventh orders, the primary having a 
relative aperture f/1.94 and the final value being f/5.0. The mirror forms are 
hyperbolic to the third order, as in the Korsch system of Table 3.18 and all 
such flat-held, 3-mirror solutions. 

Robb also draws attention to 3-mirror designs by Shack and Meinel [3.83] 
and Rumsey [3.84] [3.85]. The latter design is similar to the Loveday tele- 
scope, treated above, in that the primary and tertiary mirrors are combined; 
but with the important difference from Loveday that the central part for 
the tertiary is figured differently according to its specific requirements. The 



3.6 Wide-field telescopes 



239 




Fig. 3.77. 3-mirror system proposed by Robb (1978) 



Rumsey solution is therefore nearer to a Paul-Baker telescope, but with the 
position of the tertiary linked to that of the primary. 

What, then, is the optimum geometry of a 3-mirror telescope? This will 
depend upon several parameters, particularly the angular field, the accept- 
able obstruction ratio and the baffling solution. An attractive form has been 
optimized by Laux [3.8(b)], combining aspects of the Paul-Baker system 
(Fig. 3.73) with those of the Korsch single-axis system (Fig. 3.72 (a)). It is 
shown in Fig. 3.78. The final image is behind the secondary, as in the Korsch 
system, giving a decisive advantage for baffling. However, M3 is virtually in 
the plane of the primary, following Baker or Rumsey. This is probably the 
most convenient constructional position and is more compact than the Will- 
strop or Robb geometries. However, a price must be paid with a relatively 
high obstruction ratio if a fast system (f/4) and large field of about 2.5° di- 
ameter are aimed for. The image quality over a fiat field is excellent, within 
0.2 arcsec for a field diameter of 2°; but the linear obstruction ratio is about 
0.5. This system has been proposed for a 2.5m wide-field survey telescope, 
the LITE project [3.86], using a large CCD-array detector. 




Fig. 3.78. 3-mirror system 
given by Laux (1993) for a 
fast, flat-field 2.5m wide- 
field survey telescope with 
f/2.18 primary and f/4.0 
final image, with a field 
diameter of 2.0° to 2.5° 
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Korsch [3.87] has recently proposed a 4-reflection solution using 3- mirrors, 
the secondary in double pass, in connection with possible forms for a Next 
Generation Large Space Telescope. Korsch proposes two possible solutions 
with the same 4-reflection geometry shown in Fig. 3.79. The initial Cassegrain 
telescope forms an intermediate image between the secondary and tertiary 
mirrors, the tertiary being placed in the same plane as the primary as in the 
Rumsey form, bnt forms a separate mirror in the primary central hole. Korsch 
has pointed out that a 4-reflection solution is more favourable for the final 
image position and baffling than a normal 3-mirror solution [3.88]. In the 
best solution using an f/1.25 primary all three mirrors are aspheric [3.87]. 
The primary is then ellipsoidal and the system gives a maximum residual 
aberration of 10 nrad (effectively diffraction limited for 16 m aperture at 
A = 150 nm) over a field of 0.5° diameter. If the primary is made spherical, 
this quality is limited to a field of 1 arcmin diameter. 




Fig. 3.79. 3-mirror, 4- 
reflection telescope pro- 
posed by Korsch (1991) 
for a future large space 
telescope 



A further theoretical possibility on these lines would be a straight dou- 
ble pass Cassegrain, an extension of the Loveday telescope to 4 reflections 
with two mirrors. To produce a real image, the first reflection at the sec- 
ondary must produce a slightly convergent beam. As the telephoto effect of 
the single-pass Cassegrain is greatly increased, the emergent beam will have 
a very slow f/no, since slight convergence implies a high telephoto effect. Fur- 
thermore, the third and fourth reflections can give no practical contribution 
to aberration correction, as is also the case in the Loveday telescope with the 
third reflection at the primary. So a double-pass Cassegrain normally has no 
practical interest. 

The statement by Korsch [3.88] that the geometry of a telescope with 4 
reflections is fundamentally more favourable (above all because of the final 
image position) than with 3 reflections is a profound truism. An even number 
of reflections places the image at the end of the system from the point of view 
of the incident light. Apart from the telephoto advantage, this was a major 
advantage of the Cassegrain over the Newton or prime focus forms. One- 
reflection or 3-reflection solutions will only normally be interesting for direct 
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imagery, where the detector is compact and not too heavy; for spectroscopy 
or general purpose instruments they will rarely be suitable. 

In §3. 2. 6.1, we referred to the generalised Schwarzsehild theorem [3.13]. 
This states that, for any geometry with reasonable separations between the 
elements, n Seidel monochromatic conditions can be fulfilled by n powered 
mirrors or plates, in the general case with aspheric forms. We have seen (for 
example, the Mersenne afocal 2-mirror telescope or the Schmidt telescope) 
that a favourable natural geometry can satisfy n conditions with fewer than 
n aspheric elements. The generalised Schwarzsehild theorem tells us that a 
system of 4 powered mirrors with 4 aspherics can anyway satisfy the four 
conditions Sj = Sji — Sjjj = Sjy = 0. However, the Petzval condition Sjy 
requires only the sum of the powers to be zero: if the geometry is predeter- 
mined to fulfil this, three aspherics are sufficient to correct the other three 
conditions, as in the systems of Paul-Baker (Fig. 3.42), Korsch (Fig. 3.72 (b)) 
or Laux (Fig. 3.78). It follows that, if the geometry is fixed to give a zero or 
acceptable field curvature, one of the mirrors in a telescope with 4 powered 
mirrors can be spherical, the other three correcting the first three Seidel con- 
ditions. Such design principles are well known and an increasing number of 
designs with 4 powered mirrors (or 4 reflections) have been published over 
the last 20 years or so. However, hardly any have been realised, above all in 
larger diameters. The reason has been partly the obstruetion problem, which 
limits the reasonable geometries available for 4 mirrors on a single axis, but, 
above all, the reflectivity problem. The most backward aspect of reflecting 
telescope technology today is the inadequate reflectivity of the simple un- 
protected aluminium coat, still the standard solution for large mirrors (see 
RTO II, Chap. 6). The notable advance of evaporating aluminium was per- 
fected by Strong in 1933 [3.89], which means there has been no advance for 
large optics in over 60 years! In view of the immense technological advances 
in all other areas, this is a surprising and unbalanced situation. However, 
there is clear evidence that technical solutions giving enhanced reflectivity R 
are known [3.90]. Investment in their practical application is still required, 
but it seems clear that various forms of protected (or enhanced) silver coats 
seem very promising. It seems a reasonable expectation that durable coats, 
maintained by modern cleaning routines (RTO II, Chap. 6), will become avail- 
able within the next decade with R > 0.95 instead of i? ~ 0.80 for simple 
aluminium, even for very large mirrors. The “Optikzentrum” in Bochum, 
Germany, initiated such a research and development project in 1993 [3.91], 
but went bankrupt and closed down soon afterwards. If i? = 0.95 can be 
achieved, the loss from 4 reflections will only be 19%, much less than in a 
currently normal Cassegrain telescope with R = 0.80. In view of their excel- 
lent optical design potential, telescopes with 4 powered mirrors could then 
be extremely attractive, provided the geometry is otherwise favourable. 

The geometry of 4-mirror telescopes is best approached using the elegant 
properties of some of the 3-mirror solutions due to Paul, Baker, Willstrop 



242 3 Aberration theory of telescopes 



and Korsch, discussed in §3. 6 . 5.1 above. The most fundamental are those 
of Paul (Fig. 3.73) and Willstrop (Fig. 3.74), exploiting the properties of the 
Mersenne afocal telescope and the Schmidt principle. If we consider extend- 
ing the Willstrop concept to 4 mirrors, with an additional powered mirror, 
then, from the generalised Schwarzschild theorem, we can make one mirror 
spherical. Logically, this will be the primary, the largest and most expensive 
mirror in the system. Although the aspheric (parabolic) primary of the 10m 
Keck telescope is a notable success in the manufacture and active control of 
aspheric segments, it is generally agreed that a spherical primary of large size 
and steep modern form for a compact construction has significant technical 
and, above all, cost advantages, whether it be segmented or monolithic [3.13] 
[3.88] [3.92] [3.93] [3.94] [3.95] [3.96] [3.97]. Now, the Willstrop telescope used 
a classical Mersenne feeder telescope with confocal paraboloids, anastigmatic 
according to the equations of Table 3.6. These equations show that ^ Sji and 
X] Siji remain zero, even if ^ S'/ 0, provided that (initially) the entrance 

pupil is at the primary, i.e. Sp^i = 0. This is simply a formal proof of the fact 
that the aspheric form of an optical element has no effect on S// and S/// if 
it is placed at the pupil. The Mersenne afocal feeder, equipped with a spher- 
ical primary and a secondary of parabolic form, then delivers a beam with 
field curvature and enormous spherical aberration from a steep primary, but 
no third order coma or astigmatism. The large spherical aberration Sj must 
be corrected by the remaining two mirrors of the system, without spoiling 
the field correction. This is clearly most effectively achieved if the strongly 
aspheric mirror producing this correction of Sj is at the transferred pupil. If 
we follow the Paul- Willstrop concept, the mirror M 3 will be a Schmidt-type 
sphere centered on the exit pupil (behind M 2 ) of the feeder telescope. This re- 
images the pupil back on itself, so that the transferred pupil is not accessible 
for a fourth mirror M 4 . This is an important conclusion: it is impossible for 
a single-axis, f-mirror system to respect the Schmidt geometry of the Paul- 
Willstrop concept. Of course, other solutions with the three aspherics M 2 , M 3 
and M 4 following the Schwarzschild theorem are possible (see below), also 
with a pupil transfer to M 4 , but not with Paul- Willstrop geometry. However, 
this geometry can be fully maintained, together with perfect pupil transfer, 
if a 2-axis solution is used [3.13] [3.94] [3.95] with a small flat mirror at 
the intermediate image I 3 as shown in Fig. 3.80. The radius of curvature of 
M 3 , concentric to the exit pupil P 2 , is chosen such that the image J 3 , with 
P 2/3 = I'^M^ — I^Ps, is placed at a convenient axial position for the alti- 
tude axis of an alt-az telescope and that M 4 and P 3 are conveniently placed 
outside the incident beam and with respect to the bearing of the alt-axis. 
The function oi Mp is simply to image the pupil to an accessible position, so 
that the high (hyperbolic) asphericity of M 4 has no effect on the field aber- 
rations. M 4 then images J 3 with a magnification of about 2 to the normal 
“Nasmyth-type” focus J 4 on the other side. The optical power of M 4 will 
introduce modest field aberrations because its imagery is free from neither 
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Fig. 3.80. First solution of a 2-axis system with 4 powered mirrors (spherical 
primary and secondary) and a folding fiat (f/1.5 and f/7.29), proposed by Wilson 
and Delabre (1993, 1995) 



coma nor astigmatism. But these relatively small aberrations can easily be 
corrected by lightly modifying the forms of M 2 , M 3 , M 4 and the separations. 

This extension of the Willstrop telescope, with a spherical primary and the 
other three mirrors M 2 , M 3 , to a third order roughly parabolic, roughly 
spherical and hyperbolic respectively, gives such excellent imagery at about 
f/7 with an f/1.5 primary and the necessary higher order correction terms on 
account of the steep primary, that the field correction cannot be exploited for 
a large telescope with foreseeable detectors. It can be seen as a generic type 
of 4-mirror telescope with natural, relaxed geometry, giving a particularly 
well-conditioned solution matrix. In fact, the solution is so relaxed that the 
secondary M 2 can also he made spherical, still giving excellent imagery with 
aspherics on M 3 and M 4 only. In the basic solution with an f/1.5 spherical 
primary {first, 2-axis solution), the Schwarzschild constants are bs 3 = —0.951 
and bs 4 = —11.116. The data of this system are given in Table 3.19 and the 
spot-diagrams in Fig. 3.81. We see that the spot-diagrams have dso < 0.1 
arcsec for a field of ± 9 arcmin and dso < 0.5 arcsec for ± 18 arcmin. 

A further advantage of the 2-axis geometry is that the obstruction ratio 
is much more favourable than with a single axis. Table 3.19 is laid out for a 
linear obstruction ratio of about 0.25, both from M 2 and Mp, giving some 
vignetting by Mp beyond ± 9 arcmin. But even for ± 18 arcmin, the ob- 
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Table 3.19. Optical design data of the first, 2-axis solution with 4 powered 
mirrors and flat of Fig. 3.80 with primary f/1.5 and final image f/7.29 



Mirror 


Radius (mm) 


Separation (mm) 


Free diameter (mm) 
(paraxial) 

(±9 arcmin field) 


1 


- 48 000 


- 18 000 


16 000 


2 


- 12 000 


+ 21 000 


3 928 


3 


- 25 000* 


- 11 000 


3 786 


Flat 


00 


-t 12 214.20 


723 X 512 


4 


- 15 000* 


- 25 000.52 
(to image) 


3 454 


Image 


- 19 200 




611 



EFL = 116 670 mm (f/7.292) 
* Aspherics 



Mirror 


1/r = c 


bs 


A, 


3 


- 0.000 040 00 


0 


-f 0.7290E-14 


4 


- 0.000 066 67 


0 


-f 0.4093E-12 


Mirror 


Bs 


Cs 


Ds 


3 


+ 0.2770E-21 


- 0.1810E-28 


+ 0.1710E-34 


4 


-t 0.3400E-20 


- 0.4380E-29 


+ 0.4360E-35 



cy 



1+ [l_(l+ft^)c2y2]l/2 



+ A,y'^ + Bsy^ + Csv'' + Dsy^° 



struction is only about 0.32 without vignetting. Even for a very large (16m) 
telescope, the size oi Mp remains small enough that a multi-dielectric coat- 
ing, giving very high reflectivity, should be possible. Part of its dimensional 
requirements arises from the high spherical aberration, but this has the ad- 
vantage that it is much less sensitive to dust. 

The fact that M 3 has become almost parabolic in form {bss = —0.951) 
shows that the parabola has effectively been shifted from M 2 to M 3 by making 
M 2 spherical. Its spherical form compensates about a quarter of the spherical 
aberration produced by the primary. The loss of compensation of coma and 
astigmatism is easily rectified by the aspheric forms of M 3 and M 4 with 
appropriate small axial shifts. The coma is above all compensated by M 4 
while M 3 produces a major compensation of astigmatism because it is far 
from the pupil. 

For the initial set-up of the geometry, the entrance pupil was placed at the 
primary. However, since the final system has effectively Sj = Su = Sm — 0, 
the stop position of the complete system is uncritical and can be placed as 
desired. The field curvature 5/y is small, but not zero. M 2 is too weak to 
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12 arcmin 



Fig. 3.81. Spot-diagrams of the first, 2-axis solution of Table 3.19 and Fig. 3.80: 
(a) axis to ± 9 arcmin with circle 0.20 arcsec; (b) ± 12 arcmin to ± 18 arcmin with 
circle 1.00 arcsec 



compensate the three concave mirrors, so there is a slight undercorrection 
in the Schmidt sense. This is (to some extent) favourable for matching the 
field curvature of instruments. It could be compensated by CCD arrays. In 
principle, a flat field is possible by weakening M 3 and M 4 : but M 3 moves 
further behind Mi and M 4 is further from the axis, giving less compact 
geometry. 

Figure 3.82 shows a symmetrical version with two identical mirrors M 4 
and M 4 fed by appropriate rotation of Mp, giving two “Nasmyth foci”. Each 
mirror M 4 and M 4 baffles with its central hole the final image produced 
by the other. This 2-axis arrangement is perfectly adapted to active optics, 
because M 4 and M 4 are at the pupil and are in a fixed (vertical) plane, 
unaffected by telescope movements in the alt-az mount. Thus, a push-pull 
system, independent of cosine effects of the zenith angle, can be applied for 
the active correction. 

The centering tolerances are no more severe than for conventional tele- 
scopes with a similar Mi and M 2 . Active centering can either be done at 
M 2 , as with the NTT [3.98] (see RTO II, Chap. 3), or by a rotation of Mp, 
which produces coma by shearing the pupil at M 4 . The pointing shift can 
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Fig. 3.82. First solution, 2-axis system as in Fig. 3.80, but with two identical 
“Nasmyth- type” foci 



be corrected by rotating M 4 about its pole. Korsch [3.87] has pointed out 
the advantage of active centering by actuating 2 mirrors in his 4-reflection 
system of Fig. 3.79. 

Analogue to the above first, 2-axis solution, there is a second, 2-axis so- 
lution which also uses 4 powered mirrors and a 45° flat. This is an extension 
of the Korsch 3-mirror solution of Fig. 3.72 (b) in the same way that the first 
solution is an extension of the Willstrop telescope of Fig. 3.74. Instead of an 
afocal feeder, a real image is formed after M 2 at the alt-axis (Fig. 3.83). M 3 , 
again concentric to the pupil P 2 , is now on the second axis, thereby produc- 
ing a collimated beam and a real, accessible pupil image P 3 at which M 4 is 
placed. The final image is formed behind M 3 , which acts as a baffle as in 
Fig. 3.82. The geometrical properties of pupil transfer are thus very similar 
to those of the first solution. 

The optical design data are given in ref. [3.94]. The optical quality is 
similar to that of the first solution and is shown in Fig. 3.84. 

Since the correction potential is similar, the advantages and disadvantages 
of the first and second solutions depend on the geometry. The second solution 
has the advantage that the alt-axis can be located at will without regard to 
the projection of M 3 beyond Mi inevitable in the first solution. However, if 
Ml is very steep, the beam aperture angle from M 2 blows up the diameter 
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Fig. 3.83. Second, 2-axis solution with 4 powered mirrors (spherical primary and 
secondary) and a folding flat (f/1.5 and f/6.01), proposed by Wilson and Delabre 
(1993, 1995) 



of M 3 and M 4 unless M 2 is made small with a larger magnification m 2 . 
But this increases the obstruction due to the field at Mp. By contrast, the 
first solution fixes the diameters of M 3 and M 4 to be effectively the same 
as that of M 2 . These aspects are treated in detail in ref. [3.94]. The broad 
conclusion is that the second solution is probably better if the primary is not 
too steep, say f/2.0 to f/1.5. For steeper primaries of about f/1.3 to f/1.0, 
the geometry of the first solution becomes more and more favourable and 
compact. Both solutions can still give excellent field performance with f/1.2 
primaries, probably even f/1.0. The second solution has the disadvantage that 
the “double Nasmyth” focus of Fig. 3.82 is not possible. 

It is now clear that there are essentially 3 ways of establishing a second 
axis: 

a) The Baker 3-mirror telescope of Fig. 3.75, placing Mp after one reflection; 

b) The Korsch 3-mirror telescope of Fig. 3.72 (b) or the 4-mirror telescope 
of the second solution above (Fig. 3.83), placing Mp after two reflections; 

c) The first solution above (Fig. 3.80) for a 4-mirror telescope, placing Mp 
after three reflections. 

There are no other practical possibilities for mirror telescopes, although 
the idea of a second axis can be realised in many other forms and goes back to 
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Fig. 3.84. Spot-diagrams of the second, 2-axis solution of Fig. 3.83: (a) axis to 
±9 arcmin with circle 0.2 arcsec (b) ± 12 arcmin to ± 18 arcmin with circle 1.00 
arcsec 



the brachymedial and medial forms of Schupmann [3.69]. The Baker form of 
Fig. 3.75 is largely of historic interest because steep, modern primaries would 
lead to mirrors M2 and M3 which are too large relative to the primary to be 
practicable. However, the basic Baker concept of the concave mirror pair as a 
corrector system can be used in single-axis systems in the Korsch geometry, 
as shown in Fig. 3.85, a design by Delabre [3.94]. This design is seen as a 
fast, wide- field telescope for extending Schmidt-type operations up to sizes 
of 4 m or more. The image quality has dgo < 0.5 arcsec over the whole field of 
±0.75°, as shown in Fig. 3.86. The limitations of this system are the diameter 
of M3 and the strong field curvature (undercorrected). The transferred pupil 
is near M4 and the generalised Schwarzschild theorem enables the wide-held 
correction with the f/1.2 spherical primary. 

The system of Fig. 3.85 has been widely used in designs given in the 
literature. Already in 1979, Robb [3.99] clearly recognized the advantages of 
such a system with a spherical primary and a transferred pupil at the fourth 
mirror to correct the spherical aberration. His design, working at f/10 with 
an f/2.0 primary, covered a held of 1.0° diameter with diffraction limited 
quality for a 4 m aperture. Notable are the more recent TEMOS proposals 
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Fig. 3.85. Single-axis, 4-mirror system with f/1.2 - il2.Q57 
giving a field diameter of 1.50°. The primary is spherical 




Fig. 3.86. Spot-diagrams for the fast, 
wide-held, 4-mirror design of Fig. 3.85. 
The circle diameter is 1 arcsec 



by Baranne and Lemaitre [3.96] [3.97] and the proposals by Ardeberg et 
al. [3.92] [3.93] for a 25 m telescope with a very steep spherical primary 
(f/0.8),the latter at present (early 1994) with a field limited to about 3 arcmin 
diameter®. A segmented primary and segmented M 4 are envisaged. 

® This held has subsequently been increased, mainly by increasing the relative size 
of the corrector mirrors. 
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Fig. 3.87. Single-axis, 4-mirror concept for a fast, wide-held 
telescope with improved held curvature 



A 4-mirror system which might eliminate or significantly reduce the field 
curvature [3.94] is shown in Fig. 3.87. The Baker concave mirror pair is re- 
placed by a Schwarzschild-Bowen pair, as used in spectrographs. Similar pro- 
posals have been made by Baranne and Lemaitre [3.96] [3.97], but the po- 
tential of this system does not appear to have been analysed in detail. The 
pupil transfer situation is certainly less favourable than Baker-type form of 
Fig. 3.85 because the convex M 3 forms a virtual image of the pupil far from 
Mi. 

Similarly, a single-axis solution is possible by analogy with the first, 2-axis 
solution above, using an afocal feeder telescope (Fig. 3.88). As in the system 
of Fig. 3.85, it is possible to image the pupil more or less on to M 4 . But the 
final f/no is always a tied function of the diameter of M 2 : the smaller M 2 
becomes, the larger the final f/no. This is the same law as that governing the 
2-axis solutions of Figs. 3.80 and 3.83. The steeper the spherical primary, the 
more important correct pupil transfer to M 4 will be if this mirror is correcting 
the bulk of the spherical aberration. 




Fig. 3.88. Single-axis, 4-mirror system using an afocal feeder and 
a spherical primary 
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Fig. 3.89. A 2-axis system with 5 powered mirrors capable of a fast output beam 
(faster than f/3.0) and a flat field. The primary and secondary mirrors are spherical 
as in Fig. 3.83 



In spite of the analogy of Fig. 3.88 to the first, 2-axis solution of Fig. 3.80, 
and of Fig. 3.85 to the second, 2-axis solution of Fig. 3.83, it is important to 
realise that the 2-axis solutions are fundamentally more relaxed and natural 
because of the Schmidt characteristics of M3. These characteristics are im- 
possible in the single-axis solutions, although the pupil transfer to M4 can 
still be achieved. In the single-axis cases, therefore, three aspheric mirrors will 
be necessary following the generalised Schwarzschild theorem, whereas, as we 
saw above, the two-axis solutions can give good field correction with only 2 
aspherics. This important difference will always mean that the aspheric forms 
in single-axis solutions are more complex and more extreme. 

The two basic 2-axis solutions given above will lead, with normal (i.e. not 
excessively small) obstruction by M2, to final f/ratios of the order of f/6-f/7, 
as we have seen. Their geometry precludes fast f/nos. Suppose, however, M4 
in Fig. 3.83 is withdrawn somewhat from the primary beam, then it could 
be made steeper and the image removed sideways with a Newton flat. But 
this final image position is no longer on the alt-axis and has an inconvenient 
position. Furthermore, a steeper concave M4 worsens the field curvature. If, 
therefore, a further mirror is to be introduced, it seems better to give it a 
more constructive role than that of a Newton flat. Figure 3.89 shows a 2-axis 
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system with five powered mirrors where M 4 M 5 form a Cassegrain telescope. 
If M 4 is made very steep (~f/1.0), then high relative apertures (equivalent 
to Schmidts) are possible with modest obstruction; furthermore the field cur- 
vature can be corrected. A lightly modified version of this system has been 
set up [3.94], giving at f/2.805 spot-diagrams with dgo < 0.2 arcsec over 30 
arcmin field diameter and dgo < 0.7 arcsec over 60 arcmin diameter. The 
field curvature has a small overcorrection residual from the convex M 5 , but 
it would probably be possible to eliminate this. The primary and secondary 
mirrors are spherical, as in Fig. 3.83, and the pupil is transferred to a plane 
between M 4 and M 5 . 




Fig. 3.90. A 2-axis solution with 4 powered mirrors proposed by Sasian 
(1990). Either Mi or M 2 is spherical, M 3 is toroidal 



A very interesting 2-axis solution (Fig. 3.90) with 4 powered mirrors and 
correct pupil transfer to the final mirror has been proposed by Sasian [3.100]. 
He recognizes the importance of active correction by an element at the pupil, 
in his case the last mirror of the system as in the 2-axis concept of Fig. 3.80. 
Sasian’s system resembles the Korsch geometry of Fig. 3.72 (b), but the plane 
mirror Mp in that system is replaced by a powered, concave mirror M 3 . 
Because it is inclined at 45° to form the second axis (Sasian terms this a 
“bilateral” configuration), M 3 has to have a toroidal form. It images the pupil 
P 2 on to the final mirror M 4 . Because of the pupil transfer, Sasian obtains 
interesting solutions with only 2 aspherics: the toroidal M 3 is not aspheric 
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and either M\ or M2 is spherical. The dgo-values of the spot-diagrams remain 
well within 1 arcsec for fields of 6 arcmin diameter, the case with the spherical 
secondary being somewhat better. This solution is to be compared with the 
2-axis system of Fig. 3.83, which gives markedly better imagery with both 
primary and secondary spherical because the toroidal mirror for transferring 
the pupil is replaced by a flat. But Sasian’s system has one mirror less, albeit 
at the cost of manufacturing an accurate toroidal surface. He saw his system 
as of particular interest with a spherical primary, because of the simplification 
of manufacture. 




Fig. 3.91. 2-axis form of the system of Fig. 3.85 proposed by Baranne and Lemaitre 
(1986), the mirror pair M 3 M 4 forming a corrector and focal transfer system with a 
magnification of -1 in the TEMOS concept, giving f/2.0 - f/4.5 - f/4.5 



The pupil transfer to the fourth mirror is fundamental to successful field 
correction if a steep primary of spherical form is used. An interesting 2-axis 
variant of the single-axis system of Fig. 3.85, also permitting (in principle - 
it is not clear whether it is the case here) such pupil transfer to M 4 , is given 
by Baranne and Lemaitre as one of the corrector proposals for the TEMOS 
telescope [3.96] [3.97]. This is shown in Fig. 3.91. In this concept, the form 
of M2 can be varied actively according to the requirements of the various 
corrector systems. For the corrector shown. Mi is spherical and M 2 , M^, M 4 
aspheric. The spot-diagrams are within 0.4 arcsec over a field of 20 arcmin 
diameter. M4 is placed within the central obstruction and this geometry can- 
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not permit a Schmidt-type pupil transfer by M3, as given by the geometry 
of Fig. 3.83. The latter permits a better image quality with only two aspher- 
ics, the secondary being spherical. Since M4 is symmetrically placed on the 
opposite side of the axis from M 3 , it follows that the final focal length will 
be doubled in comparison with Fig. 3.91. 

If imagery of the pupil on M4 is abandoned, many other variants of 4- 
mirror telescopes are possible. If the primary is not spherical, but parabolic 
or some similar form, the pupil transfer is not important. A system with 
favourable geometry is the double Cassegrain (Fig. 3.92) proposed by Korsch 
[3.88]. This has 4 independent mirrors, in distinction to the (normally im- 
practicable) double-pass Cassegrain referred to above, which has 4 reflections 
from 2 mirrors. Since pupil transfer to M4 cannot be achieved, the field per- 
formance is vastly better with a primary of parabolic form. With a spherical 
primary of f/1.7, superb performance (50 mad) for the rms blur diameter is 
possible over only 1 arcmin field diameter, whereas a larger field with this 
quality is possible with an f/0.6 primary of parabolic form. 




Fig. 3.92. Double-Cassegrain 4-mirror telescope with intermediate 
image after M 2 , proposed by Korsch (1986) 



Other designs using fast spherical primaries, above all in an Arecibo 
(fixed primary) concept, have been proposed by Schafer [3.I0I] and Shectman 
[3.102]. 

In summary, it appears clear that designs with 4 powered mirrors, either 
as 2-axis or single-axis solutions, have great promise in the further develop- 
ment of the astronomical telescope. They permit excellent field correction for 
both conventional and fast f/nos and are, unlike designs involving aspheric 
plates in the pupil, no more restricted in aperture than classical Cassegrain or 
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RC telescopes. Furthermore, the image position and baffling characteristics 
are just as favourable, the application of active optics even more so. Of par- 
ticular interest are designs with a spherical primary, a spherical secondary as 
well being a further bonus for the basic 2-axis designs given above. The more 
general application of such designs requires improvement in the reflectivity 
of the mirrors: protected silver seems to offer the greatest promise for large 
optics, multi-coating for smaller mirrors. 

Single-axis solutions of the types shown in Figs. 3.85, 3.87, 3.88, 3.91 
and 3.92 will all have increasing problems of higher order aberrations as the 
corrector system formed by M 3 and M 4 is made smaller or more compact 
(steeper curvatures on these mirrors). 



3.7 Off-axis (Schiefspiegler) and decentered telescopes 

3.7.1 Two- and three-mirror Schiefspiegler 

Up till now we have been concerned solely with centered optical systems 
in which the elements with optical power all have a common axis or, in the 
case of spherical surfaces, are normal to the common axis. Of course, centered 
optical systems do not exclude deflections of the beam by plane mirrors which 
have no optical power and hence no optical axis. The restriction to a unique 
axis of symmetry leads to the Hamilton Characteristic Function dealt with 
in §3.2.1 and the aberration types of Table 3.1. 

If powered optical elements are tilted in one plane, which we will define 
as the tangential plane normally given by the plane of the paper on which 
the system section is represented, then symmetry to a line in space, the 
common optical axis, is abandoned. There is, however, still symmetry about 
the tangential plane. If the elements are tilted in two dimensions, then this 
symmetry is also lost. All those aberration terms which were eliminated by 
symmetry about the optical axis in Hamilton theory are present in the general 
case, so the theory becomes much more complex. 

The first use of a tilted element in telescope design was, in fact, the 
Herschel type “front-view” single mirror reflector of Fig. 1.1. This was afflicted 
by the field aberrations of the paraboloid as the stop of the system. For the 
Herschel mirrors working at f/10 or longer, the limiting field coma was small 
and offset by the gain in light gathering power through avoidance of a second 
reflection at a speculum mirror with reflectivity of about 60% at best. 

According to Riekher [3.39(g)], the first Cassegrain-type telescope with 
tilted components was the Brachy telescope of Forster and Fritsch in 1876. 
Both mirrors were spherical, requiring low relative apertures to give adequate 
correction of spherical aberration and a correspondingly long construction. 

The first systematic investigation of the possibilities of a telescope with 
two tilted mirrors was published in 1953 by Kutter [3.103], followed by a sec- 
ond book in 1964 [3.104]. He introduced the German term “Schiefspiegler” 
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(oblique mirror) which has since become the generic name for this type of 
telescope. Kutter addressed himself particularly to amateurs, his specific pur- 
pose being the removal of the central obstruction in the Cassegrain telescope. 
It will be shown in § 3.10, dealing with physical optical aspects, that the cen- 
tral obstruction significantly reduces the contrast of imagery of surface detail 
in amateur size telescopes. Above all for observation of the moon or major 
planets this is a disadvantage for amateurs. 

A detailed description of the Kutter Schiefspiegler and derivatives is given 
by Rutten and van Venrooij [3.12(j)]. Kutter also started with spherical mir- 
rors like Forster and Fritsch. He set up the three solutions shown in Fig. 3.93. 
In solution I, both coma and astigmatism are present in the “central” (“ax- 
ial”) image point; in solution II, astigmatism is corrected but not coma; in 
solution III, coma is corrected but not astigmatism. As with Forster and 
Fritsch, the use of spherical mirrors imposed low relative aperture mirrors. 
This, in turn, imposed a low secondary magnification m 2 of about 1.7; but 
even then the final f/no was f/20-f/30, values normally only adapted to visual 
use with small telescopes. Kutter proposed a secondary with the same radius 
as the primary, giving simplified manufacture and testing as well as a flat 
field. 




Fig. 3.93. The Kutter Schief- 
spiegler [3.103] [3.104] showing 
3 solutions (after Rutten and 
van Venrooij [3.12(j)[) 



Although the general theory for the aberrations of a finite field is highly 
complex, this is not so for the imagery of the “axial” image point shown 
at I, II, III in Fig. 3.93. For this point, the field is effectively zero and both 
reflections can be considered as if the stop were at the mirror concerned. A 
simple and instructive example is the classical Czerny-Turner arrangement 
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Fig. 3.94. The basis of 
coma compensation in 
a Czerny- Turner mono- 
chromator 



for monochromators or spectrographs [3.105], the theory of which is also 
discussed by Schroeder [3.22(c)]. The basis of the Czerny- Turner system is a 
pair of concave spherical mirrors arranged in so-called Z-form and tilted in 
such a way that the coma is zero for the “axial” image point /' (Fig. 3.94). 
Normally a grating is placed in the parallel beam which, because of the 
asymmetry of the incident and diffracted angles of the beams, produces a 
compression or expansion of the beam incident on M 2 . In Fig. 3.94 a beam 
compression is shown. We can apply the Eqs. (3.334) and (3.336) to derive 
the coma Su as though we were dealing with two primaries with a parallel 
incident beam. From (3.20) 

Sn = -yAAA{^ , 



giving from (3.334) and (3.336) 

C rtVl'^prl I r,y2'^pr2 

'1 '2 

for coma compensation. The Czerny- Turner condition is therefore 



(3.339) 



Upr2 

Upri 



(3.340) 



in which ( 2 / 2 /j/i) is the beam compression ratio and Upri and Upr 2 are the tilt 
angles in Z-form. 

An important point to note with all such tilted systems is that the above 
aberration calculations for the “axial” image point are performed as though 
the stop were at each surface of the system: stop shift terms only have mean- 
ing for the field of the Schiefspiegler. It follows that the coma and astigma- 
tism of the “axial” image point are independent of the form of the mirrors, 
whether spherical or aspheric: they are solely functions of the mirror radii, 
the apertures and the geometry of the arrangement. The Czerny- Turner ar- 
rangement is simpler than the Schiefspiegler because there is a collimated 
beam between the mirrors, so that both can be treated as “primaries”. The 
“Schiefspiegler” then provides an elegant application of the general recursion 
aberration formulae (3.334) and (3.336). We shall consider two cases, the 
coma-free Schiefspiegler and the anastigmatic Schiefspiegler. 
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Coma-free Sehiefspiegler: Using, from (3.20), 



{Sii), = -y^A,A,A(-) 

\ n/ V 

with the parameters derived from (3.336), we have 

= — 2%Mprl 
^1 

for the contribution of Mi. For M 2 , Eqs. (3.336) give 



M2 

2/2 

A 2 

^{ 1)2 



— (ri - 2di - T2) 
T2 

( 2d, 

V n 

-2/1 r / r, - 2di 
I'l L V ’’2 

-2?/i (ti- 2di 



r. 



T2 







(3.341) 



(3.342) 



(3.343) 



Since, for the “axial” image in the Sehiefspiegler, the pupil can be considered 
as being at the mirror for both M, and M 2 , we calculate A 2 in this case as 
though M 2 were a primary, using (3.334). Then 

— — * 1 

A 2 = Ai = — — {Uprl ~ ^)Upr2 ) (3.344) 



in which A^ and Pp^., refer to a paraxial principal ray calculation for M 2 as 
though it were a primary. Also 

f^prl ’ 

in which is the pupil shift from M 2 . But s*^i = 0, so that 

Mprl — 

From (3.344), this gives 



A 2 — +Mpr2 



Substituting from (3.343) and (3.345) in (3.341) gives 



{Sn)2 = -2 



yf (ri - 2di)2(n - 2di 

2 2 
rf rir^ 



2p2) 

Upr2 



(3.345) 



(3.346) 



For the coma-free Sehiefspiegler in Z-form, where Upri and Upr 2 have the same 
sign because n'l = — 1: 



Sii = {Sii)i + (811)2 — 0 , 

giving from (3.342) and (3.346) the condition for freedom from coma in the 
“axial” image 
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Upr2 



rirl 



(3.347) 



Upri (ri - 2di)2(n - 2di - 2r2) 

Anastigmatic Schiefspiegler: For astigmatism, we have from (3.20) 
{Siii)i, = —y„A^A f-') (3.348) 

\Tl / 1/ 

Then 



{Siii)i = — 2— Mp ^ 
ri ^ 



(3.349) 



and substitution from (3.343) and (3.345) in (3.348) gives 



(8111)2 = +2 



Vi (ri - 2di)^ 



^pr2 



ri rir2 
For the anastigmatic Schiefspiegler 

'Y2 ~ iSiii)i + (8111)2 = 0 , 

giving the condition 



^pr2 ^ 

Upj'\ r 2d]_ 



(3.350) 



(3.351) 



for anastigmatism of the “axial” image. 

Rutten and van Venrooij [3.12(j)] give designs and spot-diagrams for three 
sorts of Schiefspiegler, the first being an anastigmatic system of the Kutter 
type with an aperture of 110 mm working at f/26. The radii r\ and V2 are iden- 
tical with —3240 mm, d\ = —965 mm and the angles of deviation are given 
as 5.234° and 13.666° for the primary and secondary respectively. The ratio 
is 2.611 and should be same as the ratio (upr2/upri) from (3.351). With the 
above numerical values, (3.351) gives 2.473. The coma-free condition (3.347) 
gives 3.834 for the ratio. The Schiefspiegler of Rutten and van Venrooij thus 
lies close to the geometry given by (3.351), slightly shifted towards the coma- 
free condition. This is a compromise recommended by Kutter. The “axial” 
spot-diagram of Rutten and van Venrooij shows a residual aberration, mainly 
coma, comparable in size with the Airy disk, a good correction. 

Equations (3.347) and (3.351) prove one of Kutter’s propositions concern- 
ing the basic Schiefspiegler: that it is impossible to set the secondary at an 
angle Upr2 which corrects both coma and astigmatism for the “axial” image. 
This proposition is only strictly true for the normal telescopic case with the 
object at infinity. For a finite object distance, the magnification of the pri- 
mary provides a further degree of freedom so that geometries are possible 
giving correction of both coma and astigmatism. Such a system was designed 
by Wilson and Opitz [3.106] as a very high aperture 2-mirror condensor for 
use in chemical analysis equipment, in which absence of central obstruction 
in the pupil and achromatic performance were important. Unfortunately, this 
solution is not applicable to telescopes since the primary is used at a magni- 
fication I mi I > 1. 
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The coma-free Schiefspiegler defined by (3.347) can be made anastigmatic 
by adding cylindrical power to the secondary mirror, giving a toroidal sur- 
face. Since such non-rotationally symmetrical surfaces are very difficult to 
manufacture, this solution is rarely of interest for amateurs. Kutter proposed 
a more practical solution by choosing a compromise between the coma-free 
and anastigmatic solutions of Eqs. (3.347) and (3.351) and adding a weak, 
tilted planoconvex lens in the exit beam about half way from the secondary 
to the image. This is to correct both the residual coma and astigmatism. The 
chromatic aberration is small and its effect can be reduced by adding a slight 
wedge to the lens. Rutten and van Venrooij [3.12(j)] give design data and 
spot-diagrams for such a Kutter catadioptric Schiefspiegler for an aperture 
of 200 mm working at f/20. 

A further version developed by Kutter and also analysed by Rutten and 
van Venrooij is the Tri-Schiefspiegler using a weakly concave tertiary which 
folds the beam back at right-angles to the original incident beam. Their design 
for aperture 200 mm at f/14.7 does not seem fully optimized. In principle, 
with 3 powered mirrors having free tilt values, a correction for the “axial” 
image for both coma and astigmatism must be possible. The secondary and 
tertiary are spherical, while the primary has an elliptical aspheric form to 
correct the spherical aberration. 

Further designs for amateurs are given by Leonard in Mackintosh [3.48] 
under the names Yolo and Solano reflectors. The Yolo is a Tri-Schiefspiegler 
consisting of 3 concave spherical mirrors arranged for freedom from coma. 
The astigmatism is additive for concave mirrors and Leonard corrects this by 
making the primary or secondary, or both, toroidal. If necessary, spherical 
aberration is corrected by aspherising the primary in addition. The Solano 
reflector is also a Tri-Schiefspiegler, but with a convex tertiary. By using 
long radii, toroidal surfaces are avoided in this design. Further references 
to such systems are given by Leonard in Mackintosh [3.48] or in Rutten and 
van Venrooij [3.12(j)]. Of particular interest are articles by Buchroeder [3.107] 
and Kutter [3.108]. 

Finally, it should be mentioned that a perfect Schiefspiegler can be made 
as an excentric (off-axis) section of a centered, 2-mirror telescope, as shown 
in Fig. 3.95. If the centered telescope form is an RC form, the Schiefspiegler 
will have the same field correction, but improved by the reduction to the 
small excentric aperture. Although this form is theoretically simple and gives 
optimum imagery, it is of little interest, in practice, for amateur telescopes 
because the off-axis aspherics are asymmetrical and extremely difficult to 
make. If the mirror powers are not too high and the off-axis angles are kept 
to a minimum, as Leonard proposes in his Schiefspiegler, the off-axis sections 
can be approximated by toroidal surfaces. 

The pure form of Fig. 3.95 is sometimes used in spectrograph design at 
the professional level to overcome central obstruction problems. 
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Fig. 3.95. Schiefspiegler achieved by off-axis sections of a centered, 2-mirror 
telescope 



3.7.2 The significance of Schiefspiegler theory in the centering 

of normal telescopes: formulae for the effects of decentering 
of 2-mirror telescopes 

3. 7. 2.1 Lateral decenter. The treatment above for the theory of Schief- 
spiegler can be taken over directly to analyse one of the most important errors 
in telescopes: field-uniform coma induced by decentering of the secondary rel- 
ative to the primary. 

Consider the special case of the Schiefspiegler of Fig. 3.93 in which the 
aspheric axes of the primary and secondary are parallel, but laterally trans- 
lated by the amount S (Fig. 3.96). A principal ray is drawn at incident angle 
Upri, such that the reflected ray strikes the axis of the secondary. As above 
for the Schiefspiegler, we apply our general recursion formulae (3.336) in the 




Fig. 3.96. Schiefspiegler interpretation of lateral decentering 
in a Cassegrain telescope 
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normal way for the paraxial aperture ray parameters and A and 

the formulae (3.334) for the paraxial principal ray to derive A^, and (jjpr)v cls 
though the stop were at the mirror for both primary and seeondary. This gives 
immediately t/p^i = ypr 2 — 0 and {HE)i = {HE )2 — 0; or from (3.20) the 
consequence that the coma associated with the field angle Upri in Fig. 3.96 
is independent of the aspheric figure on both mirrors. This gives, with the 
suffix S, S implying decenter treated as a Schiefspiegler, 

= {Sii)s,s,i + {Sii)s,s,2 



Now, applying the conditions (3.342) and (3.343) with Ai = A 2 = Upri (since 
Upr 2 = —Upri with = — 1®), we derive at once 






s,s 




1 ) 



UprX 1 



(3.352) 



where pL 2 = ^ {r\ — 2di — r 2 ) from (3.343) and also /T 2 = by definition 
from (3.332). For the small angles Up^i involved in decentering 



S — diUpr 



and, from (3.196), the lateral tangential coma is given by 



{Comat)s,s 





(3.353) 



® This sign definition for Upr 2 , giving Upr 2 = Wpri, is in apparent conflict with the 
definition in Fig. 3.96 which corresponds to Upr 2 = —Upri- The reason for this 
sign reversal is the following. Figure 3.96 gives the signs in our normal Cartesian 
ray tracing system, as applied to centered systems. But the Schiefspiegler is not 
a normal system, in so far as the application of our third order equations is 
concerned, with regard to the field parameter A\ — Upri and A 2 = Upr2- In 
our Schiefspiegler theory from Eqs. (3.344) to (3.347) and also in our present 
case, the secondary is treated as a “second primary” , but the light direction is 
reversed because of = —1. In the Z-form of the Schiefspiegler this brings a 
partial compensation of the coma, i.e. the signs of the coma introduced by the 
two primaries are opposite. This is particularly obvious in the case of the Czerny- 
Turner Z-form arrangement, where there is complete compensation of the two 
terms in Eq. (3.339), and a compensatory (subtractive) effect is obvious from 
the two halves of the system working as “telescopes” in opposition in one light 
direction. By contrast, in the so-called U-form of layout, the two components of 
the coma are additive, so this form should be avoided in practical systems. 

If the sign reversal of the held angle is not introduced in the Schiefspiegler 
(Z-form) treatment, although it is, in fact, necessary and logical, the additive law 
of third order aberrations '^Sn = (5//)i -|- {811)2 would have to be changed 
to a subtractive law with negative sign. But this would not be correct, since the 
third order treatment for the aperture parameters can be taken over without 
change from the normal centered case. 
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which is converted into angular coma in arcsec by multiplying by (206 265//'). 
Now {Comat)s,s gives the coma for the case of the small field angle Upri 
which is not the strict case of lateral decentering in the normal sense, shown 
in Fig. 3.97. Here, the principal ray coincident with the axis of the primary 
{upri — 0) is reflected back on itself, is incident on the decentered secondary 
at a small angle and reflected off as shown. 



Fig. 3.97. Strict case of lateral decenter in a 2-mirror telescope 

The difference between the cases shown in Figs. 3.96 and 3.97 is as follows. 
The Schiefspiegler case of Fig. 3.96 has been calculated from the recursion for- 
mulae with the “field angle” Upri strictly for an image point on this reflected 
“axis”: no “field” for the system is considered and the pupil can be con- 
sidered at both primary and secondary. The case of strict lateral decenter 
shown in Fig. 3.97 involves a rotation of the beam relative to the mirror sys- 
tem clockwise, in a negative cartesian sense, i.e. through the angle —Upri- 
This introduces an additional coma corresponding to the field coma of the 
system for a field angle —Upri- Thus, the field coma corresponding to the field 
angle Upri must be subtracted from the result above of Eq. (3.353) and this 
field coma will depend on the form of the telescope. If the form is aplanatic 
(RC in the case shown with a convex secondary), the field coma is zero and 
the decentering coma for the Schiefspiegler case of Fig. 3.96 and Eq. (3.353) 
gives the correct result; otherwise the field coma corresponding to Upri must 
be subtracted. 

The general formula for the field coma for a 2-mirror telescope is, from 



6 




Table 3.5 




3 r 









with 




264 3 Aberration theory of telescopes 



If the telescope is corrected for spherical aberration, the last term is zero, 
giving 



^Sn 



s,s,f 



^r,di 3 J /m2 - 1 
2-f +T<™» + 1) 



Uprl 

(3.354) 

Replacing Upri by —S/di and applying (3.196), we have for the lateral tan- 
gential field coma 



{Comat)s,sj = 



1 / (m2 4- 1)^ j / m2 - 1 

2 di 4 I V m2 -f 1 



5 

(3.355) 



This must be subtracted from {Comat)s,s of (3.353) to give the correct decen- 
tering coma for the general case of a laterally decentered 2-mirror telescope. 
The reduction is straightforward but somewhat tedious. The following parax- 
ial relations are required: 
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from (2.72) 

where TV is the f/no. 

from (3.336) and (2.72) 

definition 



Eq. (3.353) reduces to the term As with 



As = {Comat)s,s = 



3 m2 

16 7^ 



ml -t- (l - ml) 
1 -Ra 



5 



(3.356) 



If we divide the field coma of (3.355) into two terms Bsi and Bs 2 , then 75^1 
gives the field coma of the classical telescope as 



Bdi = — ; 



If 

2di 



6 =- 



1 



3 m2 

167^ \1-Ra 



(3.357) 



The lateral decentering coma of a classical telescope with primary of parabolic 
form is then given by 



{Comat)s,ci = As - Bsi 
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{Comat)s,ci = (”^2 - l) ^ I 

or, in arcsec from Eq. (3.198) 



3 77T< (5 

{5u'p)comat = “i6^ - l) ^7(206 265) arcsec 



(3.358) 



(3.359) 



The field coma effect is, in practice, relatively modest. With the nor- 
malized data of Table 3.2, the basic Schiefspiegler term of Eq. (3.356) gives 
-1-48.871(5, corresponding to the aplanatic telescope, while Eq. (3.358) for 
the classical telescope gives -1-45(5. This is a measure of the seriousness of 
decentering coma, the basic decentering effect being, in the configuration of 
Table 3.2, over twelve times as serious as the field coma of a classical telescope 
associated with the same beam angle Upri- 

For the general case of a 2-mirror telescope with secondary defined by 
bs 2 and corrected for spherical aberration, we have for the lateral decentering 
tangential coma 



{Comat)s = As - Bsi - Bs 2 = {Comat)s,d ~ Bs 2 
From Eq. (3.358) and the second term of (3.355), we have 



(3.360) 



{Comat)s = - l)<5 + 2 ^ 



This reduces to the simple general form 
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(Comat)s = - 
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or the angular form 

3 (m2 -t- 1)^ '' 
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(3.361) 

(3.362) 



— (206 265) arcsec 



(3.363) 



Since decentering coma is the principal curse, in practice, of the conven- 
tional Cassegrain telescope, the above formulae are extremely important. If 
the forms of bs 2 corresponding to a classical telescope (Eq. (3.93)) or an 
aplanatic (RC) telescope (Eq. (3.109)) are inserted in (3.362), we recover 
the results of (3.358) and (3.356) respectively. In fact, Eq. (3.356) can be 
transformed at once into the form 



{Comat)s,Api an 
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(3.364) 



The first term represents the form for the classical telescope of Eq. (3.358) 
and the second term the aplanatic supplement to the decentering coma, the 
latter only 8.6% of the former for the geometry of Table 3.2, Cases 3 and 4 
(m2 = -A,Ra = +0.225). 
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The same equations, in a slightly different form and adapted to his sign 
convention, are given by Bahner [3.5]. Other treatments have been given 
by Conrady [3.109], Marechal [3.110], Slevogt [3.111], Baranne [3.112] and 
Schroeder [3.22(d)]. 

In the thirties, Ritchey built the first major RC telescope^ with an aperture 
of 1 m, for the US Naval Observatory in Washington. A short account is given 
by Riekher [3.39(h)] and the basic data by Bahner [3.5]. This important 
telescope is discussed further in Chap. 5. Its sensitivity to decentering coma 
was higher than normal Cassegrain telescopes of the time, but this was due 
more to its optical geometry than its RC form. The general form for the 
angular decentering coma of Eq. (3.363) shows that, for any form of 2-mirror 
telescope, the most important parameter in producing decentering coma is 
the f/no. of the primary. This is particularly clear if |m 2 | ^ 1, since the 
terms containing m 2 then vanish if N'^ is replaced by and /' by /{ . (The 
dominant role of the primary, in the normal case where [Ra] <C 1, is also clear 
from the basic Schiefspiegler formula (3.356) in which the first term from the 
primary is dominant). Ritchey’s telescope had a primary of f/4.0 and the 
very fast final relative aperture of f/6.8 because he wished to have a fast 
photographic telescope. The corresponding m 2 was very low, only —1.7. The 
two terms in the bracket of Eq. (3.364) are then 1.89 and 1.67 respectively, 
with i?A = 0.40. With this low m 2 , therefore, the aplanatic form did indeed 
almost double the decentering coma compared with the classical telescope 
form. However, for a given value of decenter 5, the aplanatic form only gave 
33% more angular coma than a typical classical telescope would have given 
with the same primary and m 2 = — 4. 



Another interesting case is the Dall-Kirkham (DK) telescope with a value 
(bs 2 )DK = 0. Eq. (3.362) then gives 



Comparison with (3.358) shows that the decentering coma of the DK form is 
I (m 2 + l)/(m 2 ) times that of the classical Cassegrain, a substantial gain. 

Similarly, using (3.137) for {bs 2 )sp, the decentering coma for a telescope 
with a spherical primary is derived from (3.362) as 



in which the first term in the bracket corresponds to the classical Cassegrain 
case (3.358). With the values of Table 3.2 for m 2 and Ra (—4 and 0.225), 
the second term is dominated by Ra compared with the first, giving a 
{Comat)s,SP value —1.370 times that of the classical Cassegrain. 

The angular tangential coma [{Sup)comat] g due to transverse decentering 
according to Eq. (3.363) is given in arcsec in Table 3.20 for the 2-mirror tele- 
scopes listed in Table 3.2, using the same parameters [m 2 1 = 4, |J?a| = 0.225 
and l/'l = 1. The formulae above are also valid for Gregory telescopes with 




(3.365) 




(3.366) 
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Table 3.20. Angular tangential coma produced by transverse 
decentering of the secondary in the 2-mirror telescopes of 
Table 3.2. |m, 2 | = 4; |77a| = 0.225. The relative aperture at 
the final image is N = 10. The decenter is \S/f'\ = 10^"* 



Telescope type 


Angular transverse 
decentering coma 
(arcsec) 


Classical Cassegrain (C) 


±2.320 


Ritchey-Chretien (RC) 


±2.520 


Dall-Kirkham (DK) 


±0.870 


Spherical Primary (SP) 


-3.180 


Classical Gregory (CG) 


±2.320 


Aplanatic Gregory (AG) 


+2.447 


DK Gregory (DKG) 


±1.450 


SP Gregory (SPG) 


±7.821 



the usual sign changes for these parameters. The values correspond to the 
relatively large decenter of \S/f'\ = 10“^ (-1-1 mm for /' = ±10 m) and 
for a final relative aperture N = 10. Only in the SP case is there a major 
difference between the Cassegrain and Gregory cases, provoked by the large 
second term of (3.366) and the sign change of Ra- 

An important limit case is the afocal 2-mirror telescope, corrected for 
spherical aberration. The general formula (3.363) gives at once, for this limit 
case with |m 2 | — >■ oo 



(^SUp^(^omat 



= ---(1 
S^Afoc 32 iV^ 



^s 2 )-^ (206 265) arcsec , (3.367) 

Ji 



where and /{ refer to the primary. We see that, in this limit case, the 
secondary only influences the decentering coma by its form bs 2 , not by its ge- 
ometry in the system. For the classical Mersenne form of the afocal telescope, 
with bs 2 = —1, this gives the simple result 






5,Afoc,cl 



■^^(^(206 265) arcsec 



(3.368) 



totally determined by the scale and speed of the primary. If we take the same 
primary as assumed in Table 3.20, with Ni = 2.5 and /( = —2500 mm for <5 = 1 
mm, then the angular lateral decentering coma in both classical Cassegrain 
and Gregory cases is ±2.475 arcsec, slightly larger than for |m 2 | = 4 in 
Table 3.20. The difference is small because |m 2 | = 4 is quite a high value. As 
1 7712 1 -7- 1, the limit case of a plane M 2 , then the decentering coma vanishes 
according to (3.358) because M 2 has no optical power. 

The afocal DK form gives, with bs 2 = 0 in (3.367), for both Cassegrain 
and Gregory forms 
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(3.369) 



exactly half that of the classical Mersenne form, 1.238 arcsec. Finally, for the 
afocal SP form, |m2| ^ 00 in (3.366) gives 
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(3.370) 



again dominated by the second term. The values for the Cassegrain and Gre- 
gory cases with the primary defined above are —3.025 arcsec and -f 7.975 arc- 
sec respectively. The large second term arises from the limit case of Eq. (3.137) 

{bs2)Afoc,SP = -1 -I- , (3.371) 

Ka 

since f'/L = 1/Ra from (2.72). 

All the above formulae are valid for the third order lateral decentering 
coma of a 2-mirror telescope with any stop position if the spherical aberration 
is corrected; but only for a stop at the primary if the spherical aberration is 
not corrected - see Eq. (3.354). 

The formula (3.363) was derived above from the Schiefspiegler approach 
because the comparison is physically instructive and revealing. However, it 
can also be derived directly from the recursion formulae in the sense shown 
in Eig. 3.97. So far as the principal ray parameters are concerned, the sec- 
ondary mirror is treated as a primary with a telecentric beam incident on 
it from infinity. Eqs. (3.336) are therefore applied to the principal ray. For 
the primary, Upri = 0 and its coma {Su)i^s = 0. For the secondary with the 
telecentric incident beam 



ypr2 — ) 



the lateral decenter, and 
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Then, applying the recursion formulae (3.336) to the aperture ray as in the 
derivation of (3.352) from (3.342) and (3.343), we have, from (3.20) 



{Sii)2,s = — 
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(3.372) 



This coma is the total coma since the primary has no contribution. Converted 
to {Comat) from (3.196), it leads, using the definition of r given above (3.19), 
to 
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{Comat)s = ^— 2 
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3' 



~ 1) + 26^2 
r2 



Upr2 (3.373) 



This can be easily reduced using the paraxial relations given above (3.356) 
and the further relation 
V2 _ {m2 + 1 ) 2/1 



derived from (2.90) and (2.72). Inserting also X)pr 2 = S, Eq. (3.373) then gives 



identical with our general result above of Eq. (3.362). 

This derivation of the lateral decentering coma formula using a telecentric 
beam on the secondary and the recursion formulae (3.336) is certainly one of 
the most direct and simple. 

Lateral decentering coma has been dealt with in detail because of its capi- 
tal importance in practical telescope technology. Technical aspects, connected 
with telescope alignment and maintenance, will be discussed in RTO II, 
Chap. 2 and 3. The theory given above is based on third order theory as 
expressed by Eqs. (3.20). It may legitimately be asked how accurate this the- 
ory is in practice. The answer is, in most cases, remarkably accurate. Except 
in extreme cases of aperture and field, which are rare in most applications of 
telescopes, the aberration function given in Table 3.1 is a rapidly converging 
function. This is particularly the case for lateral decentering coma in respect 
of field effects, defined by the decenter 6, which must be small in practice to 
give acceptable coma limits. It follows that only higher terms in aperture can 
normally be significant; but the convergence law will still apply. 

Modern optical design programs permit decentering of elements both by 
lateral shifts and by rotations, enabling exact calculations of decentering 
aberrations. Coma will always be by far the most important term because of 
its third order linear dependence on field compared with the quadratic depen- 
dence of astigmatism. However, for modern telescopes using the edge of the 
field and particularly for anastigmatic telescopes, the effects of decentering 
astigmatism at the edge of the field may be significant. In such cases, freedom 
from decentering coma is no longer a sufficient condition. This is also true for 
modern, high quality, active telescopes like the ESO Very Large Telescope 
(VLT), for which the image analyser of the active optics system is near the 
edge of the field. Asymmetries in the astigmatic field produced by decentering 
astigmatism may then give wrong results for the astigmatism correction at 
the field center. In the VLT, therefore, decentering astigmatism is corrected 
resulting in virtual elimination of lateral decenter, even though this is not 
necessary for the correction of decentering coma. This whole matter is dealt 
with in detail in § 2.2.1 of RTO II. 

It is sometimes asserted that higher order variations from strict conic 
sections defined by Eq. (3.11) will lead to more severe centering tolerances 
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than those given from third order theory above. This could only be true 
in very extreme cases because such higher order form deformations are also 
converging functions following the general aberration function: the higher 
order wavefront effects are far lower than the third order effect of any powered 
optical element. The only clear exception to this general rule is the case of 
an element without optical power (plane mirror or plate) which is aspherized 
only with higher order terms. 



3. 7. 2. 2 Angular decenter of the secondary (rotation about its pole). 

The contribution {Su)s^s ,2 leading to the second term in (3.352) of the Schief- 
spiegler analysis of decenter above gave directly the effect on coma of rotating 
the secondary through the angle Upri- This expression can be written for the 
general rotation angle Upr 2 of the secondary, positive in the sense shown in 
Fig. 3.96, as 

{Sll)2,rot = -‘2 y2ifJ-l - l)Upr2 (3.374) 

With 

{Comat) = Si I 

2 yi 

from (3.196), we have 

{Comat)2,rot^^f( — ^ —{y-l-i)Upr2 
\rij yi 

With our paraxial substitutions given above for fi 2 = 2 / 2 / 2 /! = Ra ^^nd 

(2/i/’'i)^ = m|/16A^, this reduces immediately to 



\C0Tndt)2,rot — 15*^ ^pr2 (3.375) 

By definition in the derivation of this formula, the stop is considered as being 
at the secondary mirror, so the result of (3.375) is independent of bs 2 , the 
form of the secondary. If Upr 2 is expressed in radians, the angular coma in 
arcsec is given by {206 265/ f'){Comat) 2, rot- Expressing Upr2 in arcsec, we 
have, more directly 
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(3.376) 



For the geometry of Table 3.2, iV = 10 as in Table 3.20 and a rotation Upr 2 = 
60 arcsec, the angular coma according to (3.376) is only 0.380 arcsec, identical 
for the Cassegrain and Gregory forms apart from the sign (negative for the 
Cassegrain). Since 60 arcsec is quite a coarse rotation, causing a pointing 
change of 



2upr2L/f = 27 arcsec , 
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or almost two orders of magnitude more than the Comat effect, it is clear 
that this source of decentering coma is far less sensitive than the lateral 
(translation) decentering coma given in Table 3.20, values corresponding to 
5=1 mm for a 1 m telescope at f/10. 



3. 7. 2. 3 Coma-free (neutral) points. For any 2-mirror telescope system, 
there will be a point somewhere on its axis for which the translation coma 
{Comat)s and the rotation coma {Comat) 2 ,rot will cancel out. This is called 
the coma-free point or neutral point for coma. Another important neutral 
point, independent of the shape of the secondary, is the neutral point for 
pointing, which is always at the centre of curvature of the secondary. 

If the distance behind the secondary (towards the light) to the coma-free 
point is denoted by —zcfp, then the translation 5 of the pole of the secondary 
by a rotation through Upr 2 is 

5 = -ZCFPUpr2 



Inserting this in Eq. (3.362) and combining the resulting relation with the 
rotation coma of Eq. (3.375), we have for the total coma in the general case 



{Comat) tot 



+ {(W2 - 1) - (to2 + 1)5^2 ]zcFP 

3 j.,RA{ml - 1)] 

16 iV2 J 

(3.377) 



For the CFP, this expression must be zero. 

For the classical Cassegrain telescope from (3.358) 



{Comat)tot,ci = 



3m2(mi-l)_ 3 (m^ - 1)] 

l 6 JP ^^>’■2 = 0 



for the CFP. This gives with Eq. (2.72) 

{zcFp)ci = —Ra = /[Ra = S2 (3.378) 

m2 

In other words, for the classical Cassegrain, the CFP lies at a distance S 2 
behind the secondary, i.e. at the prime focus. Of course, this result is also 
valid for the classical Gregory. 

For the Dall-Kirkham (DK) telescope, we have for the CFP from (3.377) 
setting bs 2 = 0 



{m2 + 1){zcfp)dk — ‘^I'Ra 



{zcfp)dk = 



2f'RA 
m2 -t- 1 



or 
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Now, from (2.90) and (2.72) 
2L 



r2 = 



giving 



1712+1 



L = RaJ' = m2S2 , S2 = Ra/[ , 



{zcFp)dK — T2 — S2 



27772 
7772 + 1 



(3.379) 



For the Dall-Kirkham (DK), therefore, the CFP lies at the centre of curvature 
of the spherical secondary, the same as the neutral point for pointing, as must 
be the case for a spherical secondary. This is not necessarily an advantage 
since it precludes the possibility of influencing the coma without affecting the 
pointing (tracking). We shall return to this point later in connection with the 
active control of decentering coma. Conversely, field scanning without coma 
for observation in the IR is not possible for the DK form. 

For an aplanatic telescope we use (3.364) with (3.375) to give from (3.377) 



(^ComOt) tot, Apian — 



3 ,, RAjml-l) l 



{zcfp)apI a 



for the CFP. Using, from (2.72) 



Ra = 



S2 

fi 



S27772 



this reduces to the condition 

(™2 - 



{ZCFP) Apian = ^2 



1 



{ml 



m-RA) 1 
-1)(1-Ra). 



(3.380) 



With our values from Table 3.2, the RC case with 7772 = —4 and Ra — +0.225 
gives 0.921 for the factor in the bracket. With m 2 — >■ 00 , it becomes unity, 
giving the same result as the classical telescope because the forms are identical 
in the afocal case. In the focal case, the CFP is slightly nearer to the secondary 
than is the prime focus. The same situation applies to the position of the 
exit pupil ExP if the entrance pupil is at the primary. Applying (2.94) and 
Fig. 2.13, we can derive, making use of the paraxial relations (2.90), (2.55) 
and (2.72), the relation 



ZExP 



7772(1 - Ra) 

7772i?A + (7772 + 1)(1 - Ra) 



(3.381) 



for the position of the exit pupil if the entrance pupil is at the primary. This 
condition is not the same as (3.380), but the difference is small, the values 
7772 = —4 and Ra — +0.225 giving 0.961 for the factor in the bracket of 
(3.381). In an important paper on decentering properties of Cassegrain tele- 
scopes, Meinel and Meinel [3.113] point out that the CFP in an RC telescope 
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is close to the exit pupil and attribute the discrepancy to aberrations aris- 
ing from non-paraxial conditions. While the aberration of the pupil certainly 
plays a role, the analysis below indicates that the sitnation is more complex 
and that the agreement of CFP and ExP depends on the axial obstruction 
ratio Ra and hence on the final image position. However, the agreement is 
close in the RC case with normal geometries, as we see from the example 
above. 

It is instrnctive to analyse further the relation of the pupil position to 
the position of (CFP)^p;o„ from the Schiefspiegler case of Fig. 3.96. We saw 
that, because the aplanatic telescope has no field coma, there is no effect 
in rotating the entrance beam about the pole of the primary, the entrance 
pupil, to produce the situation of Fig. 3.97. If we were to rotate the whole 
system about the exit pupil, we would have a similar effect. But this is not 
the same as the CFP, about which only the secondary is rotated, not the 
primary. Nevertheless, there is a remarkably close coincidence between the 
two positions CFP and ExP for practical RC telescopes. It is easy to deduce 
why this is the case. If the bracket terms of (3.380) and (3.381) are equated, 
we can derive at once the resulting condition for {Ra)p as 



(Ra)p = 



(m| - m 2 - 1) 

{ml - l)(m2 - 1) 



(3.382) 



The numerator has the same form as Eq. (3.129), derived in connection with 
the form of the primary in a certain simple limiting geometry of the DK 
telescope. The roots of this numerator are the magic number t = -1-1.618 034 
in the case of m 2 positive (Gregory), or — 1/r = — (r — 1) = —0.618 034 in 
the case of m 2 negative (Cassegrain). With m 2 = r or —1/r in the Gregory 
or Cassegrain cases respectively, Eq. (3.382) gives {Ra)p = 0, corresponding 
to a telescope in which the secondary has shrunk to a point at the prime 
focus. In the Gregory case, the range 0 < m 2 < r gives only virtual solutions 
with Ra positive; while real solutions exist for r < m 2 < cxd. This function 
has a minimum of {Ra)p = —0.357 at m 2 = -1-2.2695. In the Gassegrain 
case, there are two ranges with real solutions: the range —^/2 > m 2 > —cxd 
covering normal Cassegrain telescopes and the range 0 > m 2 > — r/2 covering 
Schwarzschild-Couder types with a concave secondary without intermediate 
image. 

If the paraxial relations referred to above are substituted in (3.382), one 
can derive the relation 



Lp = — di 



ml — m2 — 1 
ml — 2 



(3.383) 



for the condition that the final image distance Lp from the secondary shall 
give agreement between the CFP and the exit pupil for a given value of m 2 . 
The numerator is again the magic number equation. In the Cassegrain case, 
with m 2 negative, it is clear that the bracket of (3.383) is greater than unity 
for the normal range of Cassegrain solutions: the final image must be behind 
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the primary. This is, of course, the case for normal Cassegrain telescopes. 
For example, if m 2 = —4, then Lp = — 1.357di and {Ra)p — + 0.253. 

These are quite typical values and validate the assnmption that the CFP for 
RC telescopes is near the exit pnpil. However, for m 2 = —2, the valnes are 
Lp — — 2.5di and {Ra)p = + 0.556; while for m 2 ^ — 00 , the valnes are 
Lp — y — di and (^Ra')p — t 0. 

In the aplanatic Gregory case, Eq. (3.383) gives the factor of the bracket 
less than unity, resulting in positions of the final image inside the primary 
for real solutions. With the normal image position behind the primary, there 
is therefore a poorer agreement between the CFP and the exit pnpil than in 
the Cassegrain RC case. 

Finally, we consider the case of the spherical primary (SP) telescope. Com- 
bining (3.366) and (3.375) with (3.377) gives 



{Comat)tot,SP = 



16 A12 



rrin 



2Ra 

npr2 — 0 



(ZCFP) 



SP 



for the CFP. Again with 



J'Ra = m2S2 



from (2.72), this reduces to 



{zcFp)sp = S2 



2RA{ml - 1 ) 

2RA{rn\ — 1) — m| 



(3.384) 



In the Gregory case, the bracket term is always positive and less than unity 
because Ra is negative. For the Cassegrain, with Ra positive, the bracket 
term is negative in all practical cases: it can only be positive if Ra is high 
(>0.5) with a fairly large |m 2 |, giving an image position far behind Mi. 
This means that, in practical Cassegrain cases, the CFP lies in front of the 
secondary. This sign reversal, compared with the other cases, arises because of 
the large positive value of bg 2 (oblate spheroid) in (3.377) as distinct from the 
negative values in the classical and RC cases. In the afocal Cassegrain case, 
the CFP moves to 00 if Ra = 0.5 and is behind the secondary if Ra > 0.5. 
With our standard values of Table 3.2 {m 2 = —4, Ra = 0.225), we have 
{zcFp)sp,Cass = — 0.730 s 2, i.e. in front of the secondary. 

The above specific cases show a general trend in the position of the CFP. 
Since the rotation decentering coma of M 2 is independent of the mirror form, 
the position of the CFP reflects the value of the lateral (translation) decenter- 
ing coma of (3.362). The general case for the CFP is given by setting (3.377) 
to zero, which leads with simple reduction to 



/ / m 2 + 1 \ 

/ [V 2m2 J 




/ m 2 -bl \ 
Vm2 - Ij 



bs2 



ZCFP = S2 



(3.385) 
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For a 2-mirror telescope of Cassegrain form, corrected for spherical aberra- 
tion, large negative values of bs 2 give a CFP behind the secondary, but close 
to it. As \bs 2 \ reduces to the RC value, the CFP moves backwards almost to 
the prime focus, to a point normally very close to the exit pupil if the entrance 
pupil is at the primary. With further reduction of \bs 2 \ to the value for a clas- 
sical Cassegrain, the CFP is exactly at the prime focus. For lower values, it 
moves further back, reaching the centre of curvature of the secondary when 
bs 2 — 0 for the DK form. After this, bs 2 becomes positive (oblate spheroid) 
and the CFP moves further away until it is at — oo when the denominator 
in (3.385) becomes zero. Beyond this, the CFP is in front of the secondary, 
such cases including the SP form. 

The telescope form giving zcfp = oo is defined from (3.385) by 

{bs2)TC,o = + f ’ (3.386) 

\m2 + 1 / 



defining a 2-mirror telescope free from lateral (translation) decentering coma. 
This form can have practical application where stability of the image in the 
presence of lateral decentering is primordial. For spherical aberration correc- 
tion, Table 3.5 and (2.72) give 

[bsl)TC,0 = -I + Ra 

which reduces to 

(fcsi)TC,o = — 1 + 2Ra ~ — ^ , (3.387) 

m2 

corresponding, in the Cassegrain case, to an ellipse with (&si)tc,o = —0.578 
with our standard values of Table 3.2 with m2 = —4, Ra = 0.225. With 
these values, the secondary has the form (6 s 2 )tc,o = -fl.667, a fairly steep 
oblate spheroid, but not nearly as steep as the form required for the SP 
telescope of Case 6 in Table 3.2. The equivalent Gregory case with m 2 = -|-4 
and Ra = — 0.225 gives (&si)tc,o = —1-422 and (&s 2 )tc,o = +0.600. 

The field coma of such a TC,0 telescope is given from Table 3.5 as 

Substitution for ^ and 



/ m 2 - 1 y ^ / W2 - 1 \ 
Vm2 + 1/ Vm2 + 1/ 



di=r 



(1 - Ra) 

m 2 



from (2.72) gives 
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>// 



TC,0 



f 



(1 - Ra) 



(m2 + 1)^ 

47712 



1 \ 2 / 1 
7712 — 1 \ m2 — I 



m2 + 1 



V 7712 + 1 



, 



'ILprX 



which reduces to 

( Ea - 



TC,0 



/' 



[1-Ra)- 



- 1)1 



UprX 



(3.388) 



For the normalized case of Table 3.2 and the values 7712 = —4 and Ra = 0.225, 
we have 



^ -(5-8125 + 0.5) = -6.3125 , 



the second term being the field coma of the classical Cassegrain. The total 
field coma is therefore 12.62 times worse than for the classical Cassegrain, 
compared with factors of 8.27 and 28.56 for the DK and SP solutions respec- 
tively. The field coma is therefore only some 50% worse than that of the DK 
solution. 

It is possible to combine the condition for freedom from lateral decentering 
coma for the form of the secondary given by (3.386) with the condition for a 
spherical primary. The corresponding primary is spherical if 



(&si)tc,o = 0 
requiring from (3.387) 

the ± sign being required because Ra = Lff' and / is positive for the 
Cassegrain, negative for the Gregory case. With I 7712 I = 00 for the afocal 
form, Ra = ±1/2. For finite values of m 2 , Ra grows slowly: for I 7772 I = 4, 
Ra = ± 0.533; for I 7772 I = 2, Ra — ± 0.666. So this combined solution of 
zero lateral decentering coma with a spherical primary is only possible with 
high obstruction ratios Ra- In the Cassegrain case this reduces the field coma 
according to (3.388). 

An interesting variant [3.114] is a “Schiefspiegler” using off-axis segments, 
shown in Fig. 3.98, which maintains the advantages while overcoming the 
obstruction problem. The insensitivity to lateral decenter means that the 
secondary is insensitive to shifts perpendicular to the axis so far as coma 
in the axial image I 2 is concerned. Of course, the strong field coma of this 
centered solution remains, but the whole field remains constant so far as 
coma is concerned. Tilt of the off-axis segment of the secondary about its 
centre is also relatively insensitive, in the sense that the point in the field 
corresponding to coma freedom wanders from the centre field point to a point 
in the field where the field coma is compensated by the rotation coma. This 
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Fig. 3.98. Schiefspiegler with spherical primary and insensitive to lateral decenter 
[3.114] 



type of compensation occurs in any 2-mirror telescope for which the field 
coma is not corrected, i.e. all forms except the RC and aplanatic Gregory. 

The system of Fig. 3.98 is a special case of the general excentric system 
of Fig. 3.95. 

The TC,0 form, free from lateral decentering coma, is simply a limit case 
of a Schiefspiegler with zero field angle at the primary and lateral shear of 
the secondary. As a Schiefspiegler, such a limit solution is normally illusory, 
as it does nothing to reduce the central obstruction; but the freedom from 
translation (lateral) decentering coma has considerable merit for special cases. 

For 2-mirror telescopes with solutions 6^2 > +(^2 — l)/(ui2 + 1), we see 
from (3.385) that the bracket becomes negative and the CFP lies in front of 
the secondary in the Cassegrain case. The shorter the distance Zcfp from 
the secondary, the worse the lateral decentering coma. The SP solutions with 
normally acceptable values of Ra have shorter distances from (3.384) than 
the corresponding values for the RC, classical and, above all, DK solutions. 
With normal obstruction values, therefore, the SP solutions are not only the 
worst for field coma, but also for lateral decentering coma. As we have seen, 
only with |i?^| > 0.5 can this situation be remedied. 

In general, the position of the CFP is of great importance in the design 
of systems for active correction of decentering coma. This will be dealt with 
in RTO II, Chap. 3. 



3. 7. 2. 4 Schiefspiegler with three or more mirrors. An analysis of 
3-mirror Schiefspiegler and excentric uniaxial systems for telecommunication 
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purposes has been given by Sand [3.115], for which the central obstruction of 
centered systems is a serious disadvantage (see §3.10). Sand concludes that 
the 3-mirror Schiefspiegler of the Kutter form does not yield the necessary 
quality, although it is not clear why this is the case for the “axial” (centre 
field) image. He gives a 3-mirror excentric (uniaxial) solution equivalent to 
Fig. 3.95, in which the four conditions Si, Sii, Sill and Siv are fulfilled as 
in the systems of Paul-Baker, Korsch and Robb discussed above in §3.6.5. 
The MTF (see § 3.10) is virtually perfect over a field of 1° or more because of 
the removal of central obstruction. System parameters are less sensitive than 
in the 2-mirror case. The baffling situation is favourable because of a fourth 
plane mirror giving the brachy-form. 

Schiefspiegler with three or more mirrors clearly offer an enormous va- 
riety of solutions. Robb and Mertz [3.116] have investigated a scheme for 
an Arecibo type fixed spherical primary with a Gregory secondary and a 
corrector consisting of two oblique powered mirrors. For the steep primary 
considered, this design was not adequate because of higher order aberrations, 
although it represented a good third order solution. The authors reverted to 
a centered corrector. 

The above system of Sand is an off-axis system in aperture. More recently, 
an off-axis version in field of the 3-mirror Paul telescope (Fig. 3.73) has been 
proposed by Stevick [3.166]. Since the Paul telescope has excellent field cor- 
rection (coma and astigmatism corrected to the third order, residual field 
curvature which may be of little consequence for amateur use), the Stevick- 
Paul telescope yields very good imagery while avoiding the serious contrast 
loss (see Fig. 3.111) due to the central obstruction of a normal, centered Paul 
telescope. 

In §3. 6 . 5.1 new work by Rakich [3.162] [3.163] was described, whereby 
an automatic program investigates the whole parametric space of 3-mirror 
solutions, of which two are spherical and one aspheric. Most of the interest- 
ing solutions revealed and discussed are normal centered, or folded, systems. 
However, Rakich also gives 4 new flat-held anastigmatic Schiefspiegler solu- 
tions. One of these is a flat-held modification of the Stevick-Paul telescope, 
giving excellent performance over a 0.5° circular held. If the primary is mod- 
ified to become an ellipsoid ( 6 ^ = —0.95) as well as the liberation C 2 ^ C 3 to 
achieve the flat held, the system is called by Rakich a flat-held Paul-Rumsey 
arrangement, giving further improved quality. Other interesting flat-held sys- 
tems given have the aspheric on the secondary (//7.9), an all-spherical mirror 
system (//12.25), a further system with aspheric on the secondary (//8.22), 
and Anally a Schiefspiegler of a type attributed to L.G. Cook (1987), for which 
the primary is an off-axis portion of an ellipsoid (//13). A second version is 
shown with two folding flats to reduce the length. 

A most interesting analysis of 4-mirror Schiefspiegler solutions has been 
performed by Schafer [3.117]. All the solutions are anastigmatic, free from 
obstruction, and contain only spherical surfaces. The starting basis for the 
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designs is an inverted form of the Burch anastigmatic telescope [3.118], a 
modification using two concentric spheres of Schwarzschild’s original design 
of Fig. 3.8. 

Such proposals have in the past met with little interest. With modern 
progress in improvement of the reflectivity of larger mirrors, together with the 
stimulus to 3-mirror Schiefspiegler systems by the recent proposals of Stevick 
and Rakich above, there may well be considerable scope for further design 
work and realisation of 4-mirror Schiefspiegler solutions (see also §3. 6. 5.1). 



3.8 Despace effects in 2-mirror telescopes 

3.8.1 Axial despace effects 

Excellent treatments are given by Bahner [3.5] and Schroeder [3.22(e)]. 



3. 8. 1.1 Gaussian changes. There are three basic (independent) parame- 
ters of a 2- mirror telescope which are subject to error: /{, and di. These 
errors will be determined by manufacturing and test procedures and toler- 
ances, or, in the case of di, by the mechanical assembly conditions. The signs 
are as defined in Table 2.2 (and Table 2.3 for further derived quantities). For 
the axial despace characteristics, we require some relations from Chap. 2 (see 
Figs. 2.11 and 2.12). From (2.54) and (2.55): 



(M 

II 

II 


(3.390) 


From (2.72): 




L = f - 7712^1 = m2{f[ - di) 


(3.391) 


From (2.72) and (2.90): 




L=^f = (m2 + 1)/^ 
yi 


(3.392) 


From (3.390) and (3.391): 




r ifi - dl)f^ 

di 


(3.393) 


Note that f , L, j /2 and m 2 are dependent parameters. Their dependence on 
di is particularly important since di is used in all 2-mirror telescopes as the 
parameter for focusing the telescope correctly at a chosen image position. 
With /[ and constant, differentiation of (3.393) gives 


(M (M 

II 


(3.394) 



This is simply the magnification law for longitudinal image shifts [3.3] [3.6]. 
Similarly, with d\ and /2 constant, we derive 
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dL = —mldf[ , (3.395) 

and with di and f[ constant 

dL = (m2 + l)^d/2 (3.396) 



The despace sensitivity dm 2 /ddi is derived by differentiating (3.391) with 
respect to di, in which /{ is constant and L, di and m 2 are variables, and 
using (3.394), giving 



dm 2 






(3.397) 



The absolute shift of the image db/ddi is derived from (3.394) and (since the 
secondary and the image move in the same direction) 



db — dL + ddi , 



giving 

d6 = (m^ + l)ddi 



Finally, the sensitivity df/ddi is derived directly from (3.390) as 



d/' = 





ddi 



(3.398) 



(3.399) 



3. 8. 1.2 Change in spherical aberration ^ Sj. A very important despace 
effect is the change of spherical aberration in the axial image (and therefore 
uniformly over the whole field) when di is varied and the image shifts ac- 
cording to (3.398). The third order contribution ( 81)2 of the secondary is 
easily derived from the recursion formulae (3.336) and (3.337) or directly 
from (3.39) and (2.72) as 

{Si) 2 =(j^ (3.400) 

with 



(^2 + 1 )^ 
^ 4 



/ m 2 - 1 
\m2 + 1 



2 

+ bs2 



from (3.41). Then the required change in ^ Si is given by 



d{Si)2 

ddi 





d{Si)2 ^ /z/iV r_d_ f 

dc?i \/i/ ddi V™ 2 / m| ddi 



(3.401) 
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From (3.391) and (3.392) 



giving 

dt/2 



ddi 

Using this and (3.397), the two terms of Eq. (3.401) reduce to 



djSih 

ddi 



or 



d{Si)2={^^j -4m2^ + m2(m2 - 1) ddi , 

giving from (3.41) 

d(S'/)2 = 7712 ( 7712 - 1 ) - 7712(7712 + 1 )^ 1 ^ 



-7712 ( 3 t 772 + 4 ) ^ - I - 7772 (™2 “1 + 3 ^) 



(3.402) 



7772 — 1 
7772 + 1 



+ b 



s2 



ddi 



(3.403) 

for the general case of a 2-mirror telescope. Eq. (3.403) can also be written, 
introducing f[ = f'/m 2 , as 



mh = (I) m 



7712-1 



7772 + 1 
7772 



7772 — 1 
7772 + 1 



C7s2 



ddi 

7T’ 

(3.404) 



in which ddi is expressed as a proportion of the primary focal length /(. In 
the limit case of the afocal telescope with m 2 = 00 , this reduces to the simple 
form 



d{Si) 



2 



J Afoc 





, ddi 
y\Os2-^ , 



(3.405) 



which depends only on the aspheric form of the secondary. 



In a private communication (1997), Dr. Bahner indicated a form of equation 
equivalent to Eq. (3.403) which he considered appreciably simpler and therefore 
preferable. The difference arises simply because he introduced the parameters f' 
and L into the term in square brackets. Because of the innumerable relationships 
possible for the paraxial parameters indicated by Eqs. (2.54) to (2.90), almost 
all the formulae in this book can be expressed in many forms. Which form one 
chooses is a matter of individual preference. The form of Eq. (3.403) has been 
chosen here because all the terms in the square bracket contain only the funda- 
mental dimensionless numerical parameters m 2 and bs 2 - It also reduces easily to 
the simple forms of Eqs. (3.405) to (3.408) for the most important special cases. 
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In the case of the classical telescope {cl) form, ^ci = 0, giving from (3.402) 



d{Si )2 = ( ^ ) rnl{ml - l)ddi 



f 



For the aplanatic form 
{ps2)Aplan — {bs2)cl 



(3.406) 



2f 



di{m2 + 1)3 



from (3.110), in which 



{bs2)c 



m2 -1 
m2 + 1 



Inserting this in (3.403) gives 



d{Sj) 
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+ ml{ml - 1 ) 



ddi 



Taking the typical Cassegrain parameters of Table 3.2 with m2 
and di = —0.19375, Eq. (3.407) gives 



d{Si)2 



RC 




41.29 + 240 



ddi , 



(3.407) 
-4, f = 1 



in which the second term is the value for a classical Cassegrain. The increase 
in sensitivity due to the RC form is modest, 17.2% for the above values. 
The increase in (&s2)ijc over {bg 2 )d is 13.8%. For large departures from the 
classical form, bs 2 dominates over the fixed terms in (3.403) and the effect on 
the spherical aberration becomes more nearly proportional to bs 2 — {bs 2 )ci- 
For the Dall-Kirkham (DK) form, {bs 2 )DK = 0 and (3.403) reduces to 



d{Si)2 



DK 




(3.408) 



the spherical aberration change having reversed sign and, with m2 = —4, 
only one quarter of that of a classical Cassegrain. The DK form is, therefore, 
not only favourable for transverse decenter but also for axial despace. The 
Gregory DK form (DKG) has the same value, but with positive sign with 
m2 = +4. The favourable nature of the DK solution is particularly clear 
in the afocal form, when, from (3.405), the sensitivity becomes zero with 
bs 2 = 0. The physical explanation is instructive. If the secondary is at the 
prime focus, it introduces zero { 81)2 because j/2 is zero in Eqs. (3.20). As the 
secondary is moved towards the primary, the first (spherical) term of (S'/) 2 
increases, reaching a maximum in the afocal position, if T 2 is kept constant. It 
reduces as |di| is further reduced, because A 2 reduces although j/2 increases, 
reaching zero when the centre of curvature of the secondary is at the prime 
focus. Hence the differential of { 81)2 is zero in the afocal case. By contrast, 
the aspheric term T2 increases monotonically with y|, leading to Eq. (3.405). 
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From the conversion formulae (3.190), we can convert the above wavefront 
aberration differentials d(S '/)2 into angular aberration. At the best focus (BF), 
the angular spherical aberration in radians corresponding to the diameter of 
the image (100% geometrical energy) is, from (3.404), 



d{5Up)BF,Si = - 



(3.409) 

where is the f/no of the primary of focal length /(. At the best focus 
(BF), the disk of least confusion is one quarter of d{6up)aF,Si at the Gaussian 
focus. A classical telescope with N — 10, m 2 = ±4 and ddi/f — 10“^ or 
ddjfi = 4 . 
bracket zero 




10 ^ gives from (3.409) with the second term of the square 



d{6u') 



GF 



and 



d(fa') 



BF 



= —6.188 arcsec 



= —1.547 arcsec 



These values correspond to a despace of 10 mm in a 1 m telescope with 
/' = 10 m, the corresponding image shift being 170 mm according to (3.398). 

If Eq. (3.406) is expressed in terms of the fixed parameter /{ while /' 
varies with m 2 , then 



d(5/). 



{ml - 1 ) 



ddi 



(3.410) 



and the change of wavefront aberration is virtually independent of m 2 if 
m 2 ^ 1. This is physically obvious if we consider that the change in beam 
diameter at the secondary depends only on {yi/ f[)ddi and that the aspheric 
form of the secondary converges on the parabola as m 2 — t 00 . 

We have seen above that the DK form is free from despace spherical 
aberration in the afocal case. A final case of interest is the focal case of a 
2-mirror telescope, corrected for spherical aberration and with zero despace 
sensitivity (DE,0). Setting the bracket of (3.409) to zero gives the condition 



With m 2 = —4, {bs 2 )DE,o = —0.556, an ellipse. This is the axial equivalent 
of the TC,0 form of Eq. (3.386), which gave zero lateral decentering coma. 
But that condition requires an oblate spheroid. 

The effect of axial despace error on the third order spherical aberration, 
expressed as the angular image diameter at best focus (BF), is given in Ta- 
ble 3.21 for the various 2-mirror telescope forms normalized as in Table 3.2. 
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Table 3.21. Angular despace spherical aberration at best focus (BF) and angular 
despace field coma for 2-mirror telescopes defined as in Table 3.2: |m 2 | = 4, 

|i?A| = 0.225, \N\ = 10 and the despace is |ddi//'| = 10“^, or ddi/f{ = — 4-10~®, 
ten times the decenter 5 of Table 3.20. The semi-field angle for the coma is Mpri = 15 
arcmin 



Telescope type 


Despace angular 
spherical aberration 
at best focus d{5u'p)BF 
(arcsec) 


Despace angular 
field coma 
d{SUp{(JoTnat 
(arcsec) 


Classical Cassegrain (C) 


- 1.547 


- 0.878 


Ritchey-Chretien (RC) 


- 1.813 


- 0.959 


Dall-Kirkham (DK) 


-b 0.387 


- 0.287 


Spherical Primary (SP) 


-b 5.787 


-b 1.362 


Classical Gregory (CG) 


- 1.547 


-b 0.802 


Aplanatic Gregory (AG) 


- 1.715 


-b 0.898 


DK Gregory (DKG) 


- 0.387 


-b 0.144 


SP Gregory (SPG) 


- 8.880 


-b 4.962 



The angular values are comparable with those of Table 3.20 although the ax- 
ial change ddi is ten times larger than the lateral decenter S. The right-hand 
column of Table 3.21 gives the axial despace effect on the field coma ^ Su, 
which will be derived in the next section. 



3. 8. 1.3 Change in field coma ^ Sjj. This effect can be important, above 
all in aplanatic telescopes with extreme image requirements (such as space 
applications); or in cases where an image shift is required and the spherical 
aberration is compensated by other means. 

We require here the contribution of the secondary mirror to ^ Su, i.e. 
{Sii) 2 - This can be derived from the recursion formulae (3.336) and (3.337) 
or taken directly from (3.52): 

3 r 



{Sn)2 = ^ 









Uprl 



We will suppose the entrance pupil is at the primary, giving Spri — 0 and 

Uprl , (3.412) 

in which /', a dependent variable, is replaced by the independent variable /{. 
Differentiating with respect to di gives 

3 





'di^ fi {ml - ly 


\fi) 


ml 2 ml 



djSiih 

ddi 



d 

d^ 



di^ {ml - 1 ) /{ 



m. 



ms 



Uprl 



(3.413) 
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With 



d 


rdi^i 


1 


r , 


1 


„ . ..dm 2 


ddi 


m| 


II 




4 

m^ 


ddi 



3 dm 2 2 



m 2 - 1 
m 2 + 1 



1 /m2 - 1 
3 V m 2 + 1 



^s2 



and from (3.397) and (2.72) 

dm 2 _ ml{m2 + 1) _ m2(m2 -h 1) 

^ “ L " f[RA ’ 

we can derive from (3.413), after reduction using the paraxial relations of 
(2.72), 

^ 1 

(4i?^ - 3)C 



d[Sn)2 

ddi 



Vi 



J'J Ra 

+ (1 - RA)m2{m\ - 1 ) - m 2 (m 2 -t- 1 ) 



(3.414) 



Uprl 



as the general form of axial despace field coma for any 2 -mirror telescope 
with the stop at the primary, ^ being defined as in Table 3.5. 

Converting to angular tangential coma with (3.198) and n' = -1-1, if ddi 
is referred to /{ = /V”^ 2 > gives 

/(4i?A-3)' 



3 1 

d{5Up)comat = 



Ra 






m 2 






-H(l - J?a)("i| - 1) - (m 2 -f 1) 



Uprl 



ddi 

7 T 



(3.415) 



If we substitute for ^ and insert Ni — N/m 2 , this can be written as 



di^SUp'j omat — 



1 



/ (4i?A — 3)\/m2-|-l\^j /m2 — 1 



8Nf Ra 
+(1 — Ra) 






ml -1 

ml 



m 2 
m2 + l 



\m2 + 1 
ddi 



Up'p \ ■ 



f'l 



(3.416) 



This form can also be applied to the afocal case with m 2 — >■ 00 , giving 



Comat 



1 r/(4i?^-3) 



Afoc 8iV^ Ra \ 



(1 + &S 2 ) + (1 “ Ra) 



Uprl 



ddi 



fi 

(3.417) 



For the classical afocal Mersenne telescopes with a parabolic secondary, this 
reduces to the simple form 



286 3 Aberration theory of telescopes 



d (Jlip ) (7omaf 



3 1 ^ ddi 

SN^Ra^ 



(3.418) 



A foe, cl 

In the normal focal case, we can apply Eq. (3.415) to the varions telescope 
forms of Table 3.2. For the classical telescope, f,ci is zero, giving 



C omat 



1 r 



cl 8iV2 [ 



(1 - RA){ml - 1) - (m2 + 1) 



Up-p\ 



ddl 

7T 



(3.419) 



For an aplanatic telescope, we have from (3.108) 

C f_ _ rU2 

t.Aplan 2(1 - Ra) 

from (2.72), giving 

Q QYna 



1 



Apian 



_ ({dRA^\ 
{2{1 -Ra)J 



8AT2 

+(1 - RA){ml - 1) - (m2 + 1) 



Uprp\ 



ddi 

7T 



(3.420) 



Following Schroeder [3.22(e)], it is possible to transform the above formu- 
lae by replacing the parameter Ra hy b — b/ f[. From (2.65) and (2.72) one 
can deduce 

Ra = Alh , (3.421) 

m2 - 1 

a useful relation, since b is often a defining parameter in the layout of a 
telescope. In general, Eq. (3.415) shows that the despace coma will increase, 
for a fixed image position, if |m 2 | increases, since |i?A| will be reduced. This 
is simply another example demonstrating the increased sensitivity of small 
secondaries with high magnification |m 2 |. 

Equation (3.420) is similar but not identical with the corresponding RC 
equation given by Schroeder [3.22(e)]. If this is transformed into the param- 
eters of (3.420), the difference is in the first term of the square bracket i.e. 
(3 — 4i?^)/2(l — Ra)- Schroeder’s form is (3 — Ra)/2. With Ra = 0.25, 
these two forms give 1.333 and 1.375 respectively. Since, in the RC case, this 
term involving ^ is small compared with the residual terms corresponding 
to the classical Cassegrain if |m 2 | » 1, the difference in [d{SUp)comat] is 
very small in practical cases. For a case given by Schroeder with Ni = —2.5, 
= 10 (giving m 2 = —4), b = —0.25 (giving Ra — 0.25), Upri = 18 aremin 
and ddi = — 0.001/{, \d{5u'p)coma^ is —0.25245 arcsec from Eq. (3.420) 
and —0.25312 arcsec from Schroeder’s formula. A ray-tracing check per- 
formed with the highly versatile ACCOS V optical design program and using 
the above parameters, to give an exact calculation of the third order field 
coma arising from despace, gives agreement with Eq. (3.420) to better than 
0.00005 arcsec. 
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Table 3.21 gives the despace angular field coma for the different telescope 
forms under the same conditions as for the despace spherical aberration with 
ddi/ f[ = —4 • 10“^. The semi-field angle in Eq. (3.415) is Upri = 15 arcmin, 
a typical field for RC telescopes. As is expected from the large field coma, 
the SP and SPG forms are by far the worst, the SPG value being very large. 
This arises not only because the SPG supplement term in (3.415) is larger, 
but also because it is additive to the classical telescope terms, whereas in 
the SP case it is subtractive. The Cassegrain SP form is, for all aberration 
effects, superior. 

One reason for this is that the Gregory secondary, for the normal- 
ized geometry of Table 3.2, is markedly stronger than the Cassegrain sec- 
ondary. However, this normalization is somewhat unfair to the Gregory. 
Since the Cassegrain and Gregory telescopes of Table 3.2 have the same 
values of |i?^| and |to 2 |, the final image position is not the same, because 
L = |1?^| in the normalized system and di is not the same in the two cases. 
From (3.421) we have b = —0.125 for the Cassegrain systems with m 2 = —4 
and -1-0.325 for the Gregory systems. For an aplanatic Gregory (AG) with 
b = —0.125, the value of Ra is —0.375. Since Ra enters into the denominator 
of (3.420) linearly, this larger axial obstruction gives a more favourable value 
of \d{6u'p)comat\ for the same image position as the Cassegrain, namely 
+0.621 arcsec compared with the value in Table 3.21 of +0.898 arcsec with 
Ra = —0.225. This is a further illustration of the price paid in sensitivity 
with small obstruction, high magnification secondaries. 

In practice, the despace sensitivity to field coma is of little significance 
in non-aplanatic 2-mirror telescopes, since the field coma is not corrected. 
However, this is no longer true if field correctors are added which are also 
intended to correct the field coma (see Chap. 4). 



3.8.2 Transverse despace effects 



The important effect of introducing decentering coma, uniform over the field, 
was treated in detail in § 3.7.2. This adds vectorially to the field coma in non- 
aplanatic telescopes, giving a transverse shift of the image point in the field 
which is free from coma. For aplanatic telescopes, the decentering coma is 
not compensated at any field point and the coma-free property of the system 
is lost. Thus decenter is particularly serious for aplanatic telescopes, even 
though the formal sensitivity to decentering coma may not be significantly 
more than with classical forms. 

Lateral decenter of the secondary (see Fig. 3.97) also produces a Gaussian 
lateral shift of the image. The change in the direction of the beam is twice the 
slope of the secondary corresponding to the height of the decenter 5. Now, 
from (3.2) 




2r2 



dz2 _ d 
Ay T 2 



and 
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From (2.90) 

2L 

^2 = TT 

7712 + 1 

Since the image plane is at a distance L from the secondary, the lateral shift 
is 

{Ar,')dec = L (^2^^ = (m2 + 1)^ , (3.422) 



in the opposite sense of the movement 5 for a Cassegrain telescope where m 2 
is negative. The angular lateral shift of the image related to the scale of the 
telescope in object space (pointing change) is 



{Au )dec = (7772 + 1)77 = (m2 + 1)-^ 206 265 arcsec 



7 



/' 



(3.423) 



Such pointing changes are very large compared with angular decentering 
coma. 

Rotation of the secondary through the angle Upr 2 , using the notation of 
Eq. (3.375), produces an angular shift of the exit beam of 2upr2- The linear 
image shift is then 



{Arj')rot = 2Lupr2 = 2f'RAUpr2 (3.424) 

The corresponding angular shift for the scale of the telescope (pointing 
change) is 

i^Aup^rot — ^R'A(^^pr 2 '} arcsec arcsec (3.425) 



3.9 Zernike polynomials 

The third order theory of telescope systems given in this chapter is based on 
the classical “Characteristic Function” of Hamilton discussed in §3.2. Vir- 
tually all optical design programs provide analysis in these terms, but opti- 
mization of systems is usually performed using ray trace data which embraces 
all orders however they are defined. Nevertheless, most optical designers still 
think in terms of the “classical aberrations” because of the clear physical sig- 
nificance and the advantages of the simple third order terms. However, the 
Hamilton functions have the major disadvantage of being not only non-linear, 
but also of being (in general) non-orthogonal. The algorithms of optical de- 
sign optimization routines have to take account of this. 

In 1934 Zernike [3.119], in a classic paper, introduced the so-called Zernike 
circle polynomials. These have two very important advantages over the 
Hamilton terms. First, they are orthogonal functions and can be treated 
or corrected independently; second, they represent individually an optimum 
least square fit to the data within the accuracy of the degree of the polyno- 
mial. 

The standard treatment of Zernike polynomials has been given by Wolf 
[3.120(a)] based on the derivation by Bhatia and Wolf [3.121] from the re- 
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quirement of orthogonality and invariance. We shall reproduce this here in a 
condensed form. They show that there exists an infinity of complete sets of 
polynomials in two real variables x, y which are orthogonal within the unit 
circle (in our case, the pupil with radius normalized to unity), i.e. satisfying 
the orthogonality condition 

ff V^a)i^,y)Vi0){x,y)dxdy = AaffSafj , (3.426) 

in which Va and V)? denote two typical polynomials of the set, V* being the 
complex conjugate. Say is the Kronecker symbol and Aay are normalization 
constants to be chosen. The circle polynomials of Zernike are distinguished 
from other sets by certain simple invariance properties, i.e. an invariance 
of form with respect to rotations of the axes about the origin. This has a 
resemblance to the Hamilton approach from the axial symmetry of a centered 
optical system. The function must then have the general type of solution 

V{p cos (j),p sin (j)) = i?(p)e*^'^ (3.427) 

in which p and <f) have the same significance as in § 3.2, the radius and rotation 
angle in the pupil, and p is normalized to unity at the edge. In (3.427) R{p) = 
V {p, 0) is a function only of p. The function is now expanded in powers of 
cos (j) and sin (j). If H is a polynomial of degree n in the variables x = p cos </> 
and y — p sin cf), it follows from (3.427) that R{p) is a polynomial in p of 
degree n and contains no power of p of degree lower than | / 1. R{p) is an 
even or odd polynomial depending on whether I is even or odd. The set of 
Zernike circle polynomials is distinguished from all other possible sets by the 
property that it contains a polynomial for each pair of the permissible values 
of n (degree) and I (rotation angle in the pupil), i.e. for integral values of n 
and 1, such that 

n > 0 ; / — 0; u>|Z|; (n — |Z|)isan even number. (3.428) 

Wolfthen shows that the function may be normalized and expressed as 

y±“(p cos <(.,p sin <j,) = i?™(p)e±*™^ , (3.429) 

in which i?™ (p) are the radial polynomials and m = | Z | , a positive integer or 
zero. 

The set of circle polynomials contains ^{n + l)(n + 2) linearly indepen- 
dent polynomials of degree < n. It follows that every monomial function x'^y^ 
where i and j are integers with * > 0, j > 0, and consequently every polyno- 
mial in x,y, may be expressed as a linear combination of a finite number of 
the circle polynomials 1^. 

To derive explicit expressions for the radial polynomials they are orthog- 
onalized by applying a special weighting factor related to the more general 

5a0 is 1 for a — P and 0 for a A P ~ see, for example, “Meyers Handbuch iiber die 
Mathematik”, p. 251 and D 149 or Meschkowski, H. (1962) “Hilbertsche Raume 
mit Kernfunktionen” . 
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one used in defining Jacobi polynomials. The Zernike normalization is then 
applied so that for all values of n and m 

= 1 (3.430) 



for the edge of the unit circle, the pupil. Wolf then derives the explicit form 
for the radial polynomials as 



i(n-m) 

R^"^{p)= J] (- 1 )^ 



(n — s)! 



s=0 



s\ - s)\ - s)V 



(n — 2s) 



(3.431) 



in which 



0 < s < (3.432) 

and bearing in mind that 0! = 1. Wolf shows that the general generating 
function of the radial polynomials reduces in the case oi m — 0 (axisymmet- 
rical functions) to the generating function for the Legendre polynomials of 
argument (2p^ — 1), so that 

Rlnip) = Pni^P^ - 1) (3.433) 



Table 3.22 gives the radial polynomials derived from (3.431) up to degree 
8. It should be remembered that each radial polynomial with m > 0 has two 
components depending on p cos 4> and p sin (f>, giving the number of linearly 
independent polynomials of degree < n as |(n + l)(n + 2), as indicated above. 

Resolving in this way, we derive from Table 3.22 the systematic ordering 
of radial polynomials given, following Dierickx [3.122], in Table 3.23. This 
comprises the terms in a triangle of Table 3.22 with base extending from n = 1 
to n = 10 and apex at n — m = 5. By analogy with the Characteristic 
Function of § 3.2, the three lowest terms are the Gaussian effects. Terms with 
m = 0 and n > 4 are termed spherical aberration; with m = 1 and n > 3 
coma; with m = 2 and n >2 astigmatism; m = 3 triangular; m = 4 quadratic; 
m = 5 five-fold. The classical order numbers are given by (n + m — 1). 

From the normalization of (3.430), all functions are unity if p = 1. Integra- 
tion of the functions confirms the orthogonality condition, that the integral 
be zero [3.123], is fulfilled. This is physically obvious for all the terms in Ta- 
ble 3.23 with m 0 since they depend on cos rruj) or sin m(j). Setting U = rruj), 
then J cos mcj) dcf) — R sin U, giving a zero integral as in the case of the basic 
polynomial p coscj). Similarly, it is easily shown that the radial polynomials 
represent a balance of classical terms up to the defined degree which mini- 
mizes the rms wavefront value . Thus the focus term 1?° (No. 3) balances 



The rms wavefront error is given by 



(W^) - (W)^ 



1/2 



i.e. the square root of the [ mean of the square of the wavefront aberration minus 
the square of the mean wavefront aberration ] (see § 3.10). 



Table 3.22. The Zernike radial polynomials R’^{p) up to degree 8 (after Born- Wolf [3.120(a)]) 
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Table 3.23. Zernike polynomials resolved in the x, y directions. This table gives 
all terms up to and subsequent terms up to n = 10 with n + m <10 (after 
Dierickx [3.122]) 



No. of 


Mathematical 


Classical interpretation 








Radial 


expression 


of wavefront effect 








Poly- 












nomial 






n 


m 


(n+m) 


0 


1 


constant 


0 


0 


0 


1 


p cos (p 


tilt 


1 


1 




2 


p sin0 


tilt 


1 


1 


2 


3 


2p^ - 1 


focus 


2 


0 





4 


p^ cos2<() 


astigmatism 3rd order 


2 


2 




5 


sin 20 


astigmatism 3rd order 


2 


2 




6 


(3p^ — 2)p COS0 


coma 3rd order 


3 


1 


4 


7 


(3p^ — 2)p sin 0 


coma 3rd order 


3 


1 




8 


6p'‘ - 6p^ + 1 


spherical 3rd order 


4 


0 





9 


p® cos 30 


triangular 5th order 


3 


3 




10 


p® sin 30 


triangular 5th order 


3 


3 




11 


(4p^ — 3)p^ cos 20 


astigmatism 5th order 


4 


2 


6 


12 


(4p^ — 3)p^ sin 20 


astigmatism 5th order 


4 


2 




13 


(lOp'^ — 12p^ + 3)p COS0 


coma 5th order 


5 


1 




14 


(lOp'^ — 12p^ + 3)p sin0 


coma 5th order 


5 


1 




15 


20p® - 30p'‘ + 12p^ - 1 


spherical 5th order 


6 


0 





16 


p* cos 40 


quadratic 7th order 


4 


4 




17 


p* sin 40 


quadratic 7th order 


4 


4 




18 


(5p^ — 4)p® cos 30 


triangular 7th order 


5 


3 




19 


(5p^ — 4)p® sin 30 


triangular 7th order 


5 


3 




20 


(15p'‘ - 20p^ + 6)p^ cos 20 


astigmatism 7th order 


6 


2 


8 


21 


(15p^ - 20p^ + 6)p^ sin 20 


astigmatism 7th order 


6 


2 




22 


(35p® - OOp"' + 30p^ - 4)p COS0 


coma 7th order 


7 


1 




23 


(35p® - OOp"' + 30p^ - 4)p sin0 


coma 7th order 


7 


1 




24 


70p® - 140p® + 90p^ - 20p^ + 1 


spherical 7th order 


8 


0 





25 


p® cos 50 


5-fold 9th order 


5 


5 




26 


p® sin 50 


5-fold 9th order 


5 


5 




27 


(6p^ — 5)p^ cos 40 


quadratic 9th order 


6 


4 




28 


(6p^ — 5)p^ sin 40 


quadratic 9th order 


6 


4 




29 


(21p^ - 30p^ + 10)p® cos 30 


triangular 9th order 


7 


3 


10 


30 


(21p^ - 30p^ + 10)p® sin 30 


triangular 9th order 


7 


3 




31 


(56p® - 105p^ + 60p^ - 10)p^ cos 20 


astigmatism 9th order 


8 


2 




32 


(56p® — 105p^ + 60p^ — 10)p^ sin 20 


astigmatism 9th order 


8 


2 




33 


(126p® - 280p® + 210p'‘ - 60p^ + 5)p cos 


0 coma 9th order 


9 


1 




34 


(126p® - 280p® + 210p'‘ - 60p^ + 5)p sin 


0 coma 9th order 


9 


1 




35 


252pi“ - 630p® + 560p® - 210p"‘ + 30p^ - 


- 1 spherical 9th order 


10 


0 


— 




924pi^ - 2772pi“ + 3150p® - 1680p® 












+420p'‘ - 42p2 + 1 


spherical 11th order 


12 


0 


12 
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the Gaussian focus shift by adding the constant term which shifts the origin 
to minimize the rms; the term (No. 8) balances the third order spherical 
aberration against focus and a constant. Such balancing is, of course, well 
known from optical design using classical Hamilton terms. 

Another excellent treatment of Zernike polynomials is given by Malacara 
[3.124]. He tabulates some comparative properties of a number of one-dimen- 
sional orthogonal polynomials: Legendre, Tschebyscheff, Jacobi, Laguerre and 
Hermite. In connection with active optics we shall introduce a further impor- 
tant type with great practical significance, namely natural vibration modes. 
Malacara also gives formulae and tables, based on work by Sumita [3.125], 
for conversion from Zernike polynomials to monomials and vice-versa. 



3.10 Diffraction theory and its relation to aberrations 

3.10.1 The Point Spread Function (PSF) due to diffraction 
at a rectangular aperture 

Our treatment up to now has been entirely on the basis of geometrical op- 
tics for which rays are defined as the normals to a geometrical wavefront 
undisturbed by the physical boundary limiting its size. 

Diffraction is a phenomenon arising from the wave theory of light. For 
a full account, the reader is referred to the standard work by Born- Wolf 
[3.120]. Many other excellent treatments with various emphases are available, 
e.g. Bahner [3.5], Welford [3.6], Marechal and Frangon [3.26] and Schroeder 
[3.22]. Schroeder’s treatment in his Chap. 10 and 11, with particular reference 
to the Hubble Space Telescope, not only gives the basic theory but also an 
admirable practical treatment of the diffraction theory of aberrations. 

Practical diffraction theory is based on certain important approximations: 
that the divergence angles of all rays from the object to the pupil, and the 
convergence angles from the pupil to the image, are small; that the pupil is 
large compared with the wavelength of the incident light; that polarisation 
effects are neglected. Normally, it is also assumed that the light transmission 
is uniform over the pupil: if a departure from this condition is introduced, 
then a procedure known as apodisation is effected. The first approximation 
above concerning small divergence and convergence angles leads to the neglect 
of all quadratic terms in the expression of the optical path length in terms 
of the pupil and field coordinates. This distinguishes Fraunhofer and Fresnel 
diffraction: in Fraunhofer diffraction the quadratic terms are ignored; in Fres- 
nel diffraction they are taken into account. Fortunately, for most problems 
of optical instruments and virtually all cases of telescopes, the Fraunhofer 
approximations give a very good accuracy. However, for special cases of very 
high relative apertures or fields, the small angle approximation must be borne 
in mind. 
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For consistency with our previous notation in which a point in the pupil 
defined by p, 4> was resolved into coordinates x, y {z being the axial direc- 
tion) and the image height denoted by rj, we shall reverse the notation used 
by Born- Wolf and Schroeder and use that shown in Fig. 3.99 for the case of a 
rectangular aperture (or slit). We assume a perfectly aberration- free spher- 
ical wavefront is converging from the exit pupil E' to the image point Qg. 
Following Born- Wolf [3.120(b)], the Fraunhofer diffraction integral giving the 
complex amplitude U{Q ) at point Q' near to Qq is 




Fig. 3.99. Exit pupil {x,y,z) and image plane (??, CiC) 
coordinate systems 



In this equation, k = 27t/A is defined from the basic differential wave equa- 
tions, while the quantities p and q are defined by 

p^l-lo , q ^m-rrio , 

where lo-irUo and l,m are the first two direction cosines of the incident and 
diffracted waves respectively. It is part of the definition of the approximation 
of Fraunhofer diffraction that the four direction cosines only enter linearly in 
the above combinations, implying that the diffraction effect is unchanged if 
the pupil aperture is shifted in its own plane. Now 

^ r —ikpxm ^ Sinj^kpXrn) 

ikp^ J “ kp 

from the Euler relation, and similarly for the other integral in y. The intensity 
I at point Q in the image plane is therefore 
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i{q') = \u{q')\^ 



sin kpxm 
kpxm 



/ sin kqym 
V kqym 



lo, 



(3.435) 



with Iq = C'^A^ = EA/X^ is the intensity at the central point Qq of the 
diffraction pattern, E being the total energy falling on the pupil and A = 
being its area. According to geometrical optics, the image at Q'q of 
an infinitesimal conjugate object point Qg would be an infinitesimal point, 
whereas diffraction theory gives the intensity distribution of (3.435). 

From the definition of p and q above in terms of the differences of the 
direction cosines, which represent the angular shifts of Q from Qg in the 
X and y planes respectively, we have for an object at infinity in the normal 
telescopic case 



Sr] = (m - mo)f , Su = m - ruo = ^ 

J 

as the linear and angular separations of Q from Qg in the y-plane. Then 

/ / 6u,, / 

SV =qf = TT^f , 

kym 

if we define duy as the normalized angle 



5uy = kqym 

appearing in (3.435). Substituting for k gives 






2ym Srj 7T Srj 



Ny A 



(3.436) 



A /' 

in which Ny is the f/no of the rectangular aperture in the y-direction. The 
function 



1 = 



sin((5u )'' ^ 
5u' 



(3.437) 



is shown in Fig. 3.100. It has a central peak of value Jq = 1 at <5u =0 and 
zero minima at ±7r, ±27 t, .... The secondary maxima with values of {6u ) 
are given by the roots of the equation tan(^u ) — {Su ) = 0, as shown in 
Table 3.24. The first minimum corresponds to 

Sr] X 

7^ " ^ ’ 

so that an aperture with width n wavelengths gives a first minimum 1 /n rad 
away from the central maximum. 

The appearance of the diffraction pattern arising from a rectangular aper- 
ture is shown in Fig. 3.101, reproduced from Born- Wolf and Lipson, Taylor 
and Thompson. 

If the aperture becomes a slit by virtue of making 2y„ 2Xm , the diffrac- 
tion pattern in the y direction shrinks to negligible proportions and the one- 
dimensional pattern for a long slit results. 
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Fig. 3.100. Fraunhofer diffraction at a 

rectangular aperture showing the func- 
1 2 



tion I — 
[3.120(b)]) 



sin(5it ) 
5u 



(after Born- Wolf 



Table 3.24. The first five maxima of the 

r . 1 ^ 

rectangular aperture function I = ^ 

5u 

(after Born-Wolf [3.120(b)]) 









2 


Su 


J 


sin(5tt ) 






Su 






0 




1 




1.4307T = 4.493 


0.04718 




2.4597T = 7.725 


0.01694 




3.470TT = 10.90 


0.00834 




4.4797T = 14.07 


0.00503 
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Fig. 3.101. Fraunhofer diffraction pattern of a rectangular aperture 8 mm x 7 mm, 
magnification 50x, A = 579 nm. The centre was deliberately overexposed to reveal 
the secondary maxima (after Born- Wolf [3.120(b)] and Lipson, Taylor and Thomp- 
son, courtesy Brian Thompson) 



3.10.2 Coherence 

The above formulae are concerned with a point source. For an extended 
source, the result can be derived by integration, but here we must introduce 
the concept of coherence. If two beams originate from the same physical 
source, the phase fluctuations are normally fully correlated and the beams 
are mutually coherent. In beams from different sources, the phase fluctuations 
are uncorrelated and the beams are mutually incoherent. An intermediate 
situation can occur, that of partial coherence. The concept of the “degree of 
coherence” was introduced by Zernike [3.126] and applied further to image 
formation by Hopkins [3.127] [3.128]. For a coherent extended source, the 
complex amplitude must be integrated; for an incoherent extended source, the 
intensity. For a partially coherent extended source, the integration must take 
account of the degree of coherence between different elements of the source. 
Born- Wolf [3.120(b)] treats the important case of an incoherent luminous 
wire of infinite length diffracted by a narrow slit aperture parallel to the 
source, taken to be in the j/-direction. Now q = m — ruo, where mo is the 





298 3 Aberration theory of telescopes 



position of a point source, so the intensity due to the line source is obtained 
by integrating (3.435) with respect to q. Born- Wolf show that the intensity 
I' is characterized by a similar function and is given by 



3.10.3 The Point Spread Function (PSF) due to diffraction 
at a circular aperture 

The derivation of the PSF in the case of the circular aperture is, in principle, 
similar to that for the rectangular aperture except that polar coordinates 
give a more natural formulation. Then, again following Born- Wolf [3.120(b)], 

p cos (j) = X , p sin (j) — y 

for the pupil and 

w cos Ip = p , w sin Ip = q 

for the image plane, where w = {p^ + q^Y^'^ is the angular separation of a 
point Q' in the image plane with direction cosines p, q relative to the central 
point of symmetry Qq of the pattern. The diffraction integral (3.434) becomes 



where Jo and Ji are the Bessel functions of zero and first orders. The intensity 
I at Q' is therefore 



on the aperture, is the intensity at the central point of the pattern. The 
form of (3.442) is therefore similar to the result (3.438) for the slit, with 
the important difference that the sine is replaced by the Bessel function Ji. 
Figure 3.102 shows the function 




(3.438) 



where Jq is the intensity at the centre of the pattern with p — 0. 



which reduces to 




(3.439) 




(3.440) 



and, finally 

U(Q') = Cnpl 



2Ji{kpmW) 



kpmW 



(3.441) 




where Jq = = EA/X"^, with A = 7rp^ and E the total energy incident 
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Fig. 3.102. Fraunhofer 
diffraction at a circular aper- 
ture showing the function 
. n 2 



I = 
Wolf 



2 Jl (W) 



(after Born- 



3.120(b)]) 



in which the normalized angle w is defined by 

w = kpmW (3.444) 

The function is similar to that for a slit (Fig. 3.100), but the secondary 
maxima are relatively weaker. The positions of the zero intensity minima and 
the maxima are determined by the function Ji and are given in Table 3.25. 
The minima are no longer equally spaced, although the separation tends 
towards the value tt of the slit case if w becomes large. The appearance is 
shown in Fig. 3.103, in which the central peak has been overexposed in order 
to reveal the subsidiary maxima better. In a small telescope, well-corrected for 
spherical aberration, it is not easy to see even the first subsidiary maximum 
as its intensity from Table 3.25 is only 1.75% of the central maximum. When 
it is readily seen, it is normally a sign that aberrations have displaced energy 
into the subsidiary maxima from the central peak, as we shall see below. 

The Eq. (3.442) was first derived in a different form by Airy [3.129] in 
a classical paper defining the so-called Airy disk (the effective diameter of 
the central maximum) as the diameter of the first minimum of the intensity 
function. 

With k = 2w / X, we have 

_ 2tt PmW 



and the radius of the first dark ring is, from Table 3.25 



(3.445) 
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Table 3.25. The first 3 subsidiary minima and maxima 



of the function 






(after Born- Wolf [3.120(b)]) 



Case 


w 




2Jl(w) 

w 


2 


Central max. 


0 


1 




First min. 


1.2207T = 3.832 


0 




Max. 


1.6357T = 5.136 


0.0175 


Second min. 


2.2337T = 7.016 


0 




Max. 


2.679TT = 8.417 


0.0042 


Third min. 


3.2387T = 10.174 


0 




Max. 


3.6997T = 11.620 


0.0016 



Wo = 0.610— = 1.220^ rad , (3.446) 

Pm D 

where D = 2pm is the diameter of the aperture. The diameter of the Airy 
disk is therefore 

2wo = 2.440^ rad (3.447) 

For A = 500 nm and an aperture D of 5 m diameter, the diameter 2wo is 
0.0503 arcsec. This value is small compared with classical values of “good 




Fig. 3.103. Fraun- 
hofer diffraction at 
a circular aperture 
6 mm in diameter, 
magnification 50 x, 

A = 579 nm. The 
central maximum 
has been overexposed 
to reveal the weak 
subsidiary maxima. 
(After Born-Wolf 
[3.120(b)] and Lipson, 
Taylor and Thomp- 
son, courtesy Brian 
Thompson) 
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seeing” due to atmospheric turbulence of about 1 arcsec. However, the po- 
tentialities of excellent modern sites, if extreme care is taken with regard to 
local air conditions, are such that diffraction must be taken into account 
in scientific specifications for the optical quality of modern telescopes for 
ground-based use. This will be discussed further in RTO II, Chap. 4. For 
space telescopes, the diffraction limit will anyway be the reference for the 
optical specification. 

Another important criterion is the encircled energy as the fraction of the 
total energy contained within a given diameter. Expressing this fraction as 
Tu, within the radius w, this is given by 

= 1 - jQ{kpmw) - Jiikpmw) , (3.448) 

a formula originally derived by Rayleigh [3.130]. Figure 3.104 shows the func- 
tion (3.448), in which 1, 2, 3 mark the positions of the dark minima from 
Table 3.25. 

Rayleigh defined the resolving power or resolution limit of a telescope 
observing two incoherent point objects close to each other (e.g. a double 
star) by the condition that the central maximum of the first diffraction pat- 
tern coincides with the first minimum of the second pattern (the Rayleigh 
criterion) [3.131], originally introduced by Rayleigh as a criterion for the res- 
olution of spectral lines whose intensity distribution follows the slit function 
of Eq. (3.438). In that case, the Rayleigh criterion gives a minimum intensity 
between the two peaks of 81% of the maximum. In the case of the circu- 
lar aperture, the minimum intensity between the two peaks is 74%, more 
favourable. There is no special physical basis for considering this to be the 
resolution limit. Rayleigh considered experimental results agreed with an in- 
tensity minimum of about 80%. The Strehl criterion, considered below, is 




Fig. 3.104. Energy 
encircled in the radius 
w of the pattern due to 
Fraunhofer diffraction 
at a circular aperture. 
The fraction of energy 
is given by = 1 — 
Jq(w) — Ji(«J) with 
w = kpmW. (After Born- 
Wolf [3.120(b)]) 
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a more scientific definition. Nevertheless, the Rayleigh criterion does corre- 
spond roughly with practice; though the real detection limits with modern 
detectors will depend on the signal/noise ratio in the observing mode used. 
The angular resolution according to Rayleigh is therefore, from (3.446) 



wh — 1.220— rad , 


(3.449) 


and the linear resolution 




SrjR ^ f wr = 1.220NX , 


(3.450) 



where N is the f/no. If the angular resolution limit of the human eye is taken 
as 1 arcmin, then the minimum magnification of a visual telescope to make 
use of its diffraction limited resolution is given by 



reimin 



0.000 291£) 
1.220A 



2.38^10“ 

A 



(3.451) 



In practice, a magnification 2 or 3 times higher can be useful to relax the 
conditions for the eye: beyond this, the magnification is “empty”. Taking 
A=580 nm for visual use, we get 



rrimin = (0.410)H(mm) (3.452) 

Of course, this formula takes no account of the geometrical requirements of 
the eye pupil relative to the Ramsden disk discussed in § 2.2.4. 



3.10.4 The Point Spread Function (PSF) due to diffraction 
at an annular aperture 



The case of an annular aperture is of great importance for reflecting tele- 
scopes since all optically centered forms have a central obstruction. In the 
Cassegrain form the secondary is circular and its presence must lead to an an- 
nular aperture. More commonly, the baffle system of a Cassegrain telescope, 
designed to prevent light outside the field of view reaching the detector, forms 
the determinant central obstruction. The light distribution in the Fraunhofer 
diffraction pattern is then given by an integral of the form of Eq. (3.439), but 
the integration over the pupil radius p now extends over the domain limited 
by epm ^ P ^ pm, where e is the obscuration factor, a positive number < 1. 
Eq. (3.441) then becomes 



U{Q') = Cnpl 

The intensity is then given by 

1 



2Ji{kpmw) 


— Cire^p'L 


2Ji{kepmw) 


kpmW 




kepmW 



(3.453) 



I{Q)=U{Q) 



( 1 -£ 2)2 



2Ji{kpmW) 

kpmW 



— e 



2Ji{kepmw) 

kepmW 



1 2 



j 



(3.454) 
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where 

7o = |qVp^(i-e2f 

is the intensity at the centre w = 0 of the diffraction pattern. 

The positions of the minima (zeros) of this intensity function are given 
by the roots of the equation 

Ji{kpmw) - eJi{kpmw) = 0 (3.455) 

for w 0. The positions of the maxima are given by the roots of 

hikpmw) - £J2(kpmw) = 0 (3.456) 

If £ = 0, Eq. (3.455) gives the result for the unobstructed aperture of Ta- 
ble 3.25: the first minimum is at uJ = kp^w — 3.832, or at w = 0.61A/pm- As 
£ increases, the first root of (3.455) decreases. With e = 1/2, it is at w = 3.15 
01 w — 0.50X/pm- It is shown in Born- Wolf [3.120(c)] that 

->■ Jo{kpmw)Io , (3.457) 

corresponding to uJ = 2.40 oi w — 0.38X/pm, for the first dark ring. The 
central obstruction therefore increases the resolving power in the Rayleigh 
sense. However, this gain in sharpness of the central maximum is paid for 




Fig. 3.105. The diffraction PSF at an 
annular aperture showing the effect of 
increasing the central obscuration fac- 
tor e (after Born- Wolf [3.120(c)] and 
G.C. Steward [3.132]) 
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not only by the price of reduced integral energy in the image, but also by 
the fact that energy is transferred from the core into the secondary maxima, 
as shown in Fig. 3.105. As we shall see below in connection with the optical 
transfer function, this results in a loss of contrast in the image and gives the 
justification for Schiefspiegler in amateur telescope sizes. 

If the transmission function over the pupil is no longer uniform but mod- 
ified in a systematic way, the intensity distribution in the secondary maxima 
can be modified. This process is called apodisation. The general possibilities 
are treated by Marechal and Frangon [3.26(a)]. Jacquinot and Roizen-Dossier 
[3.133] exhaustively analysed the possibilities of 1-dimensional screening and 
this was extended by Lansraux to 2 dimensions [3.134]. Ref. [3.133] gives a 
general review. 

3.10.5 The diffraction PSF in the presence of small aberrations 

The effect of small aberrations on the diffraction PSF is of great impor- 
tance in establishing specifications and tolerances for telescope optics (see 
RTO II, Chap. 4). We shall again essentially follow the treatment of Born- 
Wolf [3.120(d)]; other excellent accounts with different emphases are given 
by Welford [3.6], Marechal and Frangon [3.26(b)] and Schroeder [3.22(f)]. 

Born and Wolf show that the intensity at the point Q in the diffraction 
image associated with the Gaussian image point Qq is given by 



where Iq is the intensity in the absence of aberrations, i.e. W = 0. 4> and 
tj) are the azimuth angles in the pupil and image respectively, as defined in 
§3.10.3, while u and v are the “optical coordinates” of Q: 



where p, q, r are the coordinates in the image plane, R is the distance from 
the exit pupil to the image Qo and k = 2TrjX. 

In the absence of aberrations, the intensity maximum is at the Gaus- 
sian focus. If aberrations are present, there will be an intensity maximum 
at the diffraction focus, which may not be uniquely defined if the aberra- 
tions are large. However, if the aberrations are small, there will be a unique 
diffraction focus with a clearly defined intensity maximum. In this case, the 
ratio I{Q)/Iq given by Eq. (3.458) can be used as a measure of the effect 
of the small aberrations on the image quality. This important concept was 
introduced by Strehl in 1902 [3.135]. Strehl called the ratio I{Q)/Iq the “Def- 
initionshelligkeit” , literally “definition brightness”. The commonly accepted 
term in English is the Strehl Intensity Ratio. 

For simplicity in the following formulation, we will drop the primes of Q' , Q'q 
and W' indicating an image as distinct from an object in Fig. 3.99. 




Jo Jo 
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An important simplification of Eq. (3.458) is achieved by applying the 
so-called displacement theorem: the addition of terms in /osin<(), pcosej) 
and (constant) to the aberration function have no effect on the intensity 
distribution of the diffraction image. Such terms refer to changes of the ref- 
erence sphere, in radius or in tilt. They are Gaussian (first order), as shown 
in Table 3.1, and are concerned only with the definition of the position of the 
image, not its quality. This theorem is formally proven in Born- Wolf. 

It follows that Eq. (3.458) can be simplified as 



i{Q)^ 



1 



27T 






0 Jo 



lo 



or 



HQ) = 



2n 



0 JO 



1 + ikWQ 






pdp d<j) 



(3.459) 



(3.460) 



Let Wq denote the average value of the nth power of Wq, so that 
J,^CW^pdpdcl> 1 /■! 

= ri ^ (3.461) 

Jo Jo pdpd(() ^ Jo Jo 

We now make the approximation which is the normal one for the application 
of the Strehl Intensity Ratio: that the aberrations are sufficiently small that 
the powers of {ikWo) in (3-460) above the second power may be neglected. 
With this approximation, we can write from (3.461) 

2 



i{Q) = 



1 + ikWQ-h‘^wl 



or 



j(g) = <{i-('^ 



{Wq) - {WqY^ 



lo 



(3.462) 



Now the “mean-square deformation” or “variance” of the wavefront is defined 

by 



{AWq)^ = 



fofo^{WQ-WQ)ffidpd<p 
lo Io^P<ip<i<P 



(3.463) 



the rms deviation being AWq. Since, from the displacement theorem, the 
origin of measurement of Wq is arbitrary, we also have for the variance 



{AWq)^ = (Wq) - (Wq)2 , (3.464) 

the quantity in square brackets of (3.462). Therefore, the relative loss in in- 
tensity of the central peak is only a function of the varianee of the wavefront 
aberration, provided the aberrations are small enough to neglect powers above 
the second as indicated above. This is a very important conclusion in speci- 
fying telescope optics. Eq. (3.462) can be written in the final simple form 
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HQ) 

lo 




(3.465) 



Following Welford [3.6], it is sometimes useful to express (3.462) in terms 
of Cartesian coordinates in the form 






lolo [W{x,y)Ydxdy 



A' 



lo Jo ^ y)^^ 



A' 



(3.466) 



where A is the area of the pupil over which the integrations are taken. This 
will have to take account of any vignetting in the system disturbing the 
circular (or annular) form of the pupil. 

Bearing in mind the approximation of “small” aberrations involved, we 
must now consider what values the ratio I{Q)/Iq can assume. The Rayleigh 
criterion for resolution [3.131] discussed in §3.10.3 above led to an intensity 
reduction between the images of a double star of about 20%. If we arbitrarily 
apply the same reduction to the intensity in the central maximum due to 
small aberrations, we have 



HQ) 

lo 



= 0.8 , 



giving from (3.465) 



(3.467) 



(AWqY = 0.2 
or 



(3.468) 



[AWqf = AV197.4 (3.469) 

Marechal and Frangon [3.26(c)] give A^/180, a value derived with the approx- 
imation 7T ~ 3. Following Welford [3.6], we shall use the more accurate value 
of (3.469) which leads to the conveniently close approximation 

(WQ)rms = AWq ~ A/14 (3.470) 

Eqs. (3.469) and (3.470) refer to the total aberration according to (3.463) or 
(3.466). In practice, the modal concept of the aberration function is usually 
more instructive than numerical integration. 

Following Marechal and Frangon [3.26(c)], we shall apply Eq. (3.465) to 
the following aberration polynomial: 

Wq = + ksip'^ + ks 2 P^ + (kxP + kcpH cos 0 + kAP^ cos 2(/ (3.471) 

From §3.2.1, the terms can be identified as defocus, third and fifth order 
spherical aberration, wavefront tilt and third order coma, and third order 
astigmatism. Since the denominator of (3.463) with zero vignetting is tt, we 
have from (3.463) and (3.464) 
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(AWgf = (Wl) - (Wq)^ 



or 



{AWgf = 



2-k 



W^pdpdcl> 



-| /» 1 p27T 

- WQpdpdcj, 



(3.472) 



Jo Jo 

We will apply this, as an example, to the case of the first three terms in (3.471) 
and deduce the aberration coefficients k^, ksi and ks 2 giving optimum tol- 
erances according to the criterion of (3.468). Then in (3.472) for this case 

Wq = kdp^ -I- ksip^ + ks2P^ , 

with p normalized to 1 at the edge of the pupil. Eq. (3.472) gives 



(3.473) 



+ 112^- 



kdksi 3 A:siA:s2 

+ + (3.474) 



If ks 2 is considered as a constant and kd and ksi are varied to minimize the 
function, giving maximum tolerances, then 

d{AWQ)^ _ d{AWQf 



dkd 



dksi 



= 0 , 



giving 



ksi , S , „ 

■6 + = " 



T + 45^^^ 



ks2 

6 



= 0 



The solution gives the simple result 



kd — +-ks2 , 
5 



^Si = ~2^S2 



Substituting back in (3.474) gives 



(AWpf = 



ks2 

2800 



If this result is applied to the tolerance criterion (3.468), we get 
ks2 = = 3.77A 



(3.475) 



(3.476) 



(3.477) 



for the amount of fifth order spherical aberration leading to a drop of 20% in 
the Strehl Ratio if it is optimally balanced by 



kd = 2.26A , ksi = — 5.65A 
from (3.475). 

The three terms of (3.473) can also be taken individually or in the combi- 
nation of kd and ksi- Other groups are kp and kc, individually or combined, 
and kA- The complete variance function of all the terms in (3.471) is 
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{AWq)^ 




4 

45 






SI 



+ 





kdksi 

6 




3 



kdks2 + 



ksiks2 

6 



(3.478) 



Applying (3.465) to the various groupings leads to the results of Ta- 
ble 3.26. It should be noted that all these cases refer to incoherent illumi- 
nation for point sources, the normal case for astronomical telescopes. Other 
cases are dealt with by Marechal and Frangon [3.26(d)]. If the third order 
astigmatism is defined as kAP^ cos^ </> (Welford [3.6] and Schroeder [3.22(g)]), 
the transformation cos^ 0 = |(1 + cos 20) produces a shift of the mean focus 
giving different values for {AWq)^ and 

It is noteworthy that the definition of I{Q)/Iq — 0.8 leads to coefficients 
for defocus and third order spherical aberration, considered individually, 
which are about A/4. Rayleigh [3.131] deduced this tolerance for defocus on 
an experimental basis and suggested it as a general rule. Table 3.26 confirms 
that it gives a reasonable approximation for the individual aberrations, but 
the Strehl Intensity Ratio puts the matter on a more rigorous physical basis. 

The combination of defocus with third order spherical aberration shows 
that, as in the geometrical-optical case treated in §3.3.1, a multiplication of 
the tolerance by a factor of 4 takes place. However, in the present diffrac- 
tion case, the optimum focus is not at the disk-of-least-confusion of the 
geometrical-optical case: Table 3.26 shows it is half way from the paraxial 
to the marginal focus, not three quarters of the way. It is easily shown that 
the reference sphere cuts the wavefront at the edge of the pupil. 

The case of the balance of defocus with spherical aberration of both third 
and fifth orders is instructive in showing the large individual coefficients which 
can appear when non-orthogonal terms are balanced. 

The final case shown in Table 3.26 is a departure from the normal aberra- 
tion polynomial but represents, in idealized form, a very important practical 
error in the figure of large optics: ripple. Ripple is a succession of concentric 
zones and arises from resonance effects in the motion of the polishing tool. 
The steeper the aspheric function, the greater the danger of ripple, if conven- 
tional figuring methods are used. Figure 3.106 shows an idealized sinusoidal 
ripple with the wavefront function 



Wq = kz cos 




(3.479) 



in which Xz is the normalized ripple wavelength and kz is the amplitude. 
Then 



Pm 1 n 

y— = T— = nz27T , 

where nz is the number of complete zones over the radius. Our treatment 
assumes nz is any whole positive integer. 
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Table 3.26. Coefficients of various aberrations giving a Strehl Intensity Ratio of 
0.8 (incoherent light, point source, circular unvignetted pupil) 



Aberration 


Aberration 

polynomial 


(rms)^ 

(AWqf 


Coefficients 

for 

7(Q)/7o = 0.80 


Defocus 


kdP^ 


12 


kd = 0.25A 


Third order 
Spherical Aberration 
alone 


ksiP* 


45 


fesi = 0.24A 


Third order 
Spherical Aberration 
with 

optimum focus 


kdP^ + ksip* 


^'d ! 4, u2 

12 + 45 '^Sl 

1 ferffesi 
6 


fesi = 0.95A 
kd = -0.95A 


Third order Coma 
alone 


kcp^ cos (j) 


8 


kc = 0.20A 


Third order Coma 
with 

optimum Tilt 


[kTP + kcp^)cos(j) 


A-2 1.2 

4 8 

1 krpkc 
3 


kc = 0.60A 
kr = -0.40A 


Third order 
Astigmatism 


kAP^ cos 2(j) 


6 


d 

II 


Ripple 
(concentric 
sinusoidal zones) 


kz cos(^) 


kl 

2 


kz = O.lOA 




Fig. 3.106. Idealized sinusoidal ripple showing 3 complete wave- 
lengths of ripple in the pupil radius 
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Applying (3.472) to (3.479) gives 

iAWQf =Wl = ^, (3.480) 

since {Wq)'^ — 0. This result is independent of nz or Xz- Relative to the 
square of its coefficient it has easily the highest variance of the aberrations 
listed, giving the single error tolerance for Iq/Iq = 0.80 of O.IOA. This is a 
measure of the high significance of ripple and justifies the complex measures 
taken to avoid zones and keep their amplitude low. 



3.10.6 The diffraction PSF in the presence of small aberrations 
and an annular aperture 



Table 3.26 supposes the full circular pupil is operative. In practice, the nor- 
mal case in reflecting telescopes is the annular aperture, whose diffraction 
PSF was considered in §3.10.4. Following Schroeder [3.22(g)], we must now 
consider the effect of an obscuration factor e in a pupil normalized to pm = 1- 
Eq. (3.472) can be taken over directly with the changed limits of integration, 
as 




(3.481) 



since the denominator of (3.463) is now 7t( 1 — e^). In the case of defocus alone, 
as a typical case, (3.481) gives for the variance 






1 — 



(3.482) 



In all cases, we arrive at functions of the form 






1 -£ 2 " 
1 — £^ 



which reduces to 



F{e^) = l+e'^ + s^ + ...+ £2("-P , 



with h = 1, 2, 3, . . . Table 3.27 gives the results for the variances in the cases 
given in Table 3.26 and the ratio of the peak-to- valley (ptv) aberration to the 
rms aberration with £ = 0. Note that the ptv wavefront aberration is the 
same as the wavefront aberration coefficient in the case of the symmetrical 
aberrations defocus and spherical aberration, but twice as large in all other 
cases because of the ±1 limits of the cosn^ function. 

In Table 3.27, the variance in the case of ripple is given as independent of 
£. This is true under the same condition as in the unobscured case, namely. 
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Table 3.27. The effect of the obscuration factor e on the wavefront variance and 
the ratio (ptv/rms) with e = 0 



Aberration 


Wavefront 

function 


Variance with obscuration 
factor e 


ptv/rms 
(e = 0) 


Defocus (d) 


kdp^ 




Vl2 
= 3.46 


Third order 
Spherical 
Aberration 
(Si) alone 


ksip'^ 


(l “ T “ “ T + 


= 3.35 


Si + d 
(optimum 
focus) 


kdp^ + ksip'^ 


+ ^^Si “ T “ I “ T + 


/180 
V 16 

= 3.35 


Tilt (T) 


ferpcosc/i 




2^4 
= 4.00 


Third order 
Coma (C) 
alone 


kcp^ COS0 


^(l + e^+e^ + e®) 


2^8 
= 5.66 


Cl +T 
(optimum 

Tilt) 


{krp + kcp^) cos <f) 


+ %'=^(l + e"+e") 
+ $(l + e"+e" + e®) 


2^72 (i) 
= 5.66 


Third order 
Astigmatism 
(^) 


kAP^ cos 20 


+ + 


2^6 
= 4.90 


Ripple - 

sinusoidal 

with 

{nz - n'z) 
complete 
wavelengths 
over 
annular 
pupil 


kz cos(^) 


^(1) 


2i/2 

= 2.83 
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that the annular radius contains a complete integral number (nz — n'^) of 
ripple (zonal) wavelengths, i.e. both nz and n'^ are integers, where is the 
number of obscured ripple waves. 

As in Table 3.26, the result for astigmatism in Table 3.27 differs from that 
given by Schroeder because of the difference in the wavefront functions with 
cos 2<l> and cos^ <p respectively. Both formulations are valid and can readily 
be transformed into each other. 

For the combined function of spherical aberration and defocus 

kdp^ + ksip^ 

Table 3.27 shows that the ratio ptv/rms is unchanged by the optimum focus 
combination with kd = —ksi, since both quantities are reduced by the factor 4 
(ptv = zonal aberration in this case) . Similarly for the coma-tilt combination 

{kxp + kcp^) cost/) 

the ratio ptv/rms is also unchanged for the optimum tilt kT = —^kc- The 
maximum aberration here is not the zonal aberration but the aberration at 
the edge of the pupil {Wq)p=x = +\kc, giving ptv = \kc- With rms = 
kd^T^i the ratio remains 2\/8 = 5.66. These two cases of invariance to 
changes of the reference sphere are illustrations of the displacement theorem 
discussed above in the derivation of Eq. (3.459). 



3.10.7 The diffraction PSF in the presence of larger aberrations: 
the Optical Transfer Elmction (OTF) 

The effect of aberrations in optical systems may broadly be classified in three 
main groups: first, aberrations near the diffraction limit; second, aberrations 
above the diffraction limit but acceptable for the detector; third, very large 
aberrations relative to the diffraction limit. The first group has been dealt 
with in §§3.10.5 and 3.10.6 above. It assumes more and more importance 
with the improvement in quality of ground-based telescopes and sites, and 
the steadily increasing advance of space telescopes. The third group represents 
the domain where diffraction effects become negligible and geometrical opti- 
cal image sizes give a good description of the image. Until recently, accepted 
values for external “seeing” (non-local air turbulence) were so far above the 
diffraction limit, that geometrical-optical interpretations of the image quality 
were reasonable, above all, if the detector resolution is much lower than the 
diffraction image size given by (3.447). This is no longer the case if accu- 
rate assessment is desired. The second group is the most complex situation: 
neither the series approximations used in the first group nor the asymptotic 
developments of the third are adequate. The best tool for this group is the 
Optical Transfer Function (OTF). 

The theory of the OTF, essentially a systematic application of Fourier 
theory to optical imagery, was initiated by Dufheux in 1946 [3.136]. The 
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application to television, with analogy to filter theory in communication sys- 
tems, was a powerful impetus. A very extensive literature exists. General 
treatments of varying depth, all excellent within the aims of the work in 
question, are given by Marechal-Frangon [3.26(e)], Welford [3.6], Schroeder 
[3.22(h)] (particularly well adapted to the case of telescopes) and Wetherell 
[3.137]. For complete treatments of the Fourier theory required, see Marechal- 
Frangon [3.26(f)] or Goodman [3.138]. Here, we shall confine ourselves to the 
essential aspects applicable to normal use of telescopes, i.e. the case of inco- 
herent light. 



(a) 



(b) 




Fig. 3.107. Transfer of 
a sinusoidal wave with re- 
duced contrast through an 
optical system (a) without 
phase shift, (b) with phase 
shift p 



The OTF is based on the concept of spatial frequency of the intensity 
in the object plane, represented as the sum of a continuous infinity of si- 
nusoidal components. Each component is transmitted by the optical system 
with reduced contrast, the contrast being defined by 



Co = 



Iq max — Iq min 
Iq max -|- Iq min 



(3.483) 



for the object and by Cj for the image, as shown in Fig. 3.107. If we consider 
an object consisting of only one sinusoidal frequency in the f-section, then 
the Modulation Transfer Function (MTF) for this frequency s is given simply 
by 

Tcis) = ^ (3.484) 

Do 

This ignores the phase shift p. 

Following Welford [3.6], we take coordinates in the object plane as and 
rjQ and consider these as transmitted to the image plane with the magnifica- 
tion factor m, then for the image ^ = m^o, rj = mrjQ. For a sinusoidal object 
whose “lines” are parallel to the r]Q-ax.is, we can write 
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loi^o) = ao(l +cos27ts^o) 



(3.485) 



for the function of the object intensity {incoherently illuminated), in which 
s = 1/A is the spatial frequency in mm“^, if is expressed in mm, and oq 
is the normalized amplitude. According to (3.483), the contrast of the object 
Co — The transfer through the system then gives at the image 






1 + Tc cos(27ts^ + p) , 



(3.486) 



where the factor aj/ao represents the constant intensity loss due to absorption 
etc. 

As with the diffraction integral, it is most convenient in the general formu- 
lation to use the complex form from the Euler relation. This general formula- 
tion is given, for example, by Marechal-Frangon [3.26]. For a simple frequency 
s, (3.486) then becomes 

h{0=ai [l+E(T(s)e'"*'^«)] (3.487) 

where R is the real part of the complex quantity L. It follows that Tc = R, 
the real part of the OTF L, is the MTF and the phase shift is arg L{s). 

In the general case, we have a two-dimensional situation depending not 
only on s but on the position in the field and the aberrations affecting that 
image point. The OTF will depend on whether the intensity function is in the 
t- or s-section. For symmetrical aberrations, the phase shift p will be zero; 
for coma it is not zero, though it may be small in practice. An important 
condition for the generalisation is that the aberration function be invariant 
over the range of the lateral aberration at any point: this is the isoplanatism 
condition. It will only break down if aberrations become very large, in which 
case the optical system is useless in practice. 

If the wavefront aberration in the pupil is lT(a;,y), then as for (3.459) the 
complex amplitude in the exit pupil induced by a point object is proportional 
to with A: = 27 t/A as before. We define 

F{x,y) = (3.488) 

as the pupil function^ having the form of (3.488) over the area of the pupil 
and zero outside it. The diffraction integral (3.439) can be written to give the 
complex amplitude at the image point 77 in terms of rectangular coordinates, 
if constants are ignored, as 

/ -l-OO I--I-00 

/ F(a;,y)e-*(''/^)(«^+™)dxd 2 / , (3.489) 

-00 J —00 

where R is the radius of curvature of the reference sphere. The integration 
here is taken over infinite limits although in (3.439) it was taken over the 
area of the pupil. This change is made to simplify the application of Fourier 
transform theory and is validated, for example, in Marechal-Frangon [3.26] 
and Welford [3.6]. If ^/XR and rj/XR are considered as single variables as 
in Eq. (3.434), then Eq. (3.489) expresses U{^,r]) as the two-dimensional 
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Fourier transform of F{^,r]) with the appropriate re-scaling (normalization) 
of T], This statement is generally true for any shape or size of pupil and 
any aberration function W{x,y). If the transmission over the pupil is not 
uniform (apodisation) , this can also be introduced into the function F{^,t]). 
The constant factors omitted are given by Born- Wolf [3.120(e)] or Marechal- 
Frangon [3.26] and disappear in the subsequent normalization process. The 
intensity point spread function is given by 

= (3.490) 



Again following the treatments of Welford [3.6] and Marechal-Frangon [3.26], 
we now generalize from the expression (3.487) for two dimensions to give the 
OTF as the normalized inverse Fourier transform of the intensity PSF as 



L{s,t) 






(3.491) 



where s and t are the spatial frequencies in the ^ and rj directions respectively. 
They are expressed as lines/mm (or line-pairs/mm in television usage) if 
linear dimensions are in mm. L{s) in (3.487) is simply the one-dimensional 
equivalent and is equal to L(s,0). From (3.491), the OTF in the ^-direction 
only is 



L(s,0) 



i^^i^::mv)d^dr, 



(3.492) 



with 



II 




I{^,v)dv 



(3.493) 



The function /l(^) is the line spread function (LSF), the image of an infinitely 
narrow line source illuminated incoherently. Eq. (3.492) states that the one- 
dimensional OTF is the Fourier transform of the LSF. The denominator 
in (3.492) is the normalizing factor which gives L(0,0) = 1, a condition 
expressed in (3.485) above giving Cq = 1 for the object with no loss of 
contrast. 

It is shown by Marechal-Frangon [3.26(g)] that the expression (3.491) for 
the OTF can be converted into an alternative form which has an elegant 
physical interpretation. This form uses the autocorrelation function of the 
pupil function: 



L{s,t) 



F{x + XRs, y + XRt)F*{x, y)dx dy 
I^^\F{x,y)\^dxdy 



(3.494) 



As before, the denominator normalizes to make L(0,0) = 1. Applying the 
theorem of Parseval, it is shown in Marechal-Frangon [3.26(h)] that the nu- 
merator of (3.494) can be transformed into the symmetrically equivalent form 
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Fig. 3.108. Shearing 
of a circular pupil 
corresponding to the 
calculation of the 
OTF from the auto- 
correlation function 
for shears of XRs, XRt 



/ -too ^-too 

/ F{x,y)F*{x- XRs,y- XRt)dxdy , (3.495) 

-OO J — OO 

in which F{x,y) is the pupil function defined in (3.488). Although formally 
the range of integration is infinite, the pupil function is, in fact, unity (nor- 
malized) within the area of the pupil and zero outside it. The autocorrelation 
function of (3.494) corresponds to a shear of the pupil of the amounts —XRs, 
—XRt in the directions x and y respectively, as shown in Fig. 3.108. Although 
the pupil is represented as a complete circle, the shear principle is equally 
valid for a pupil with vignetting or central obstruction. Clearly, if the vector 
shear in Fig. 3.108 reaches the diameter of the pupil, there is no common area 
and no signal at higher frequencies can be transmitted through the system, 
i.e. the contrast according to (3.483) is zero and the optical system is the 
equivalent of a low bandpass filter. In Fig. 3.109, the shear situation is rep- 
resented in one dimension. The shear is XRs. Clearly, the limit frequency is 
given by 

XRSmax — F) , 



where D is the diameter of the pupil, so that 



^max 



D 

XR 






A 



1 

Wx ’ 



(3.496) 



where Umax ^^e semi-angular aperture of the exit pupil and = 1 /N, 

the reciprocal of the f/no. Now Smax = 1/Ammi where X^in is the minimum 
wavelength of transmission of a sinusoidal spatial intensity function. Then 



A 



min 



1/ ^max — iVA 



(3.497) 



This result can be compared directly with the linear resolution based on 
the Rayleigh criterion of the radius of the first diffraction minimum given 



3.10 Diffraction theory and its relation to aberrations 



317 




Fig. 3.109. One-dimensional pupil shear to demonstrate 
the low bandpass filter function of an optical system 



in (3.450). The results are identical except for the factor 1.220 in the latter 
case, which referred to the PSF for a circular aperture. Here we are dealing 
with the Line Spread Function, LSF. Referring to the case of the PSF at 
a rectangular aperture, Eq. (3.436) shows that the linear resolution corre- 
sponding to the radius of the first minimum is identical to (3.497). 

Referring again to Fig. 3.109, we have 
\ 

COS0 = ^ (3.498) 

The common area A of the sheared pupils, normalized to the area of the 
pupil, is 

A 2 

— = —(0 — sin 0 COS0) , (3.499) 

Aq 7T 

which, combined with (3.498), gives for the OTF of an aberration- free circular 
pupil of diameter D 






A 

^0 




2XRs / A2R2s2\1/2 



(3.500) 



In terms of the f/no N = R/D, we have 







{NXs) - NXs^l - (7VAs)2 



(3.501) 



If A is given in mm, then s is in mm~^. This equation gives, strictly, only the 
real part of the complex function, i.e. R in Eq. (3.487), the MTF. We have 
in general 
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L{s) = R + iP (3.502) 

where P is the phase function. The autocorrelation function (3.494) must 
be multiplied by the cosine of the argument of (3.502) in terms of the pupil 
function for the real part A and the sine for the imaginary part B. For details 
the reader is referred to Wetherell [3.137]. The two components are given by 

MAY = R= {A^ + , PTF = tan-^(J5/A) (3.503) 

Figure 3.110 shows the function L{s) from (3.501). It was one of the basic 
conditions (see §3.10.1) of the diffraction integral that the relative aperture 
of the optical system should not be too large. This condition applies equally 
to the above derivation of the MTF. However, this theory is applicable to 
large field angles. This introduces a cosine term into (3.491) in which 
becomes I(^, rj cosu^^) if the field angle is in the t-section. Welford [3.6] shows 
that the cosine term disappears in the autocorrelation function. 




Fig. 3.110. The MTF for a circular pupil free from aber- 
rations and obstruction, corresponding to the diffraction 
PSF with incoherent illumination 



Some important properties of the Fourier transform relations must be 
emphasized. If is the intensity distribution in the image, loi^o^Vo) is 

the intensity distribution in the object [incoherently illuminated) and Iq{^ — 
“ ??o) is the PSF for some image point Q related to its object point by 
the magnification m, then 



3.10 Diffraction theory and its relation to aberrations 319 

J Io{^o,Vo)Iq{^ - ^o,V -Vo) d^odijo (3.504) 

It is shown (for example in Marechal-Frangon [3.26(i)]) that it follows from 
the theorem of Parseval that the Fourier transforms of the above quantities 
are related by the simple equation 

= io{s,t)iQ{s,t) , (3.505) 

i.e. the Fourier transform of the image is simply the product of the Fourier 
transform of the object and the Fourier transform of the PSF, the latter 
being iQ{s,t) = OTF. It is clearly far simpler to operate with (3.505) than 
with (3.504), a convolution process usually written in the form 

II = Io<S>^Q 

The simple multiplicative form of (3.505) also has the immense advantage 
that a chain of factors affecting the final image quality can be handled by 
multiplying their individual OTFs. This can be applied not only to a suc- 
cession of individual optical systems or elements but also to detectors and 
disturbing factors such as image motion and manufacturing errors. 

An important modification is introduced into the MTF function shown in 
Fig. 3. no if a central obstruction is introduced. This problem was first solved 
in analytical form by O’Neill [3.139]. The form of the MTF function for vari- 
ous values of obstruction ratio e is shown in Fig. 3. III. The essential feature 
is that the contrast is increased near the transmission limit, but reduced at 
low frequencies. This result is exactly what would be expected from the in- 
tensity distribution of Steward [3.132] in the diffraction PSF for an annular 




Fig. 3.111. MTF for a circular pupil free of aberration with central obstruction e 
(after Lloyd [3.140]) 
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aperture (Fig. 3.105). The narrowing of the central maximum corresponds to 
the increased contrast at the limit frequencies of resolution, while the rapid 
increase of intensity in the diffraction rings corresponds to the contrast re- 
duction at low frequencies. O’Neill [3.139] points out that Rayleigh [3.141] 
comments on experiments of Herschel in improving resolution of double stars 
by introducing a central obstruction. O’Neill also points out the interesting 
limit case of an infinitely narrow annular aperture as £ — > 1, which gives 
simply a sharp peak near the limit of resolution and is the two-dimensional 
analogue of a Young’s double slit aperture with the peak occurring at the 
spatial frequency of the fringes. 

The complete formula for the functions of Fig. 3.111 is also given by 
Wetherell [3.137] including correction of an error in the original O’Neill paper. 

The reduction in contrast for intermediate frequencies of about 0.3 is the 
principal justification for the Schiefspiegler of Kutter and other forms, dis- 
cussed in § 3.7 above. For an amateur telescope with D = 30 cm, the diameter 
of the Airy disk with A = 500 nm is 0.83 arcsec. The resolution limit in the 
Rayleigh sense is 0.42 arcsec, corresponding roughly to our normalized limit 
frequency 1. If the best atmospheric “seeing” is 1 arcsec, the limit frequency 
observable in practice is about 0.4 on the normalized scale. With a central 
obstruction e = 0.35, the loss of contrast from the curves in Fig. 3.111 is 
of the order of 30%. This loss can be serious for critical planetary observa- 
tion. For constant atmospheric seeing, the larger the telescope, the more the 
normalized atmospheric limit frequency is pushed leftwards to small values 
where the relative contrast loss becomes much less. This is the main reason 
the Schiefspiegler is of much less interest for large professional telescopes. 

The results given in Figs. 3.110 and 3.111 are for the MTF of aberration- 
free systems affected only by diffraction. If the aberration in the pupil function 
F in Eq. (3.494) is non-zero, then the contrast will be reduced. Pioneer work 
in the solution of (3.494) for basic aberrations with incoherent illumination 
was done by Hopkins [3.142]. If, for example, the function W in (3.488) 
represents pure defocus, then we insert 



Results for defocus, third order spherical aberration combined with defocus 
and third order astigmatism were given by Hopkins [3.142], Black and Linfoot 
[3.143] and De [3.144] respectively, and are quoted by Born-Wolf [3.120(f)]. 
Figure 3.112 shows the results for defocus. Unlike the Strehl Intensity Ratio, 
which is only a useful measure for small aberrations, the MTF calculations 
are valid for large aberrations. The parameter shown on the curves measures 
the defocus effect and is defined by 



W = kdP^ 




(3.506) 
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where z is the distance of the defined image plane from the Gaussian focus. 
Values of m > 2 lead to negative contrasts (contrast inversion) at quite low 
frequencies. The appearance is shown by Marechal-Frangon [3.26(j)]. 




Fig. 3.112. The MTF for 
a non-obstructed circular 
aperture with incoherent 
illumination in the presence 
of pure defocus aberration 
(after Hopkins [3.142]) 



Hopkins [3.145] proved the important principle that the introduction of 
aberration into a system will reduce the contrast for all frequencies compared 
with the non-aberrated diffraction MTF. 

Further examples of the degradation of MTF by various combinations of 
aberrations are given by Wetherell [3.137]. 

It can be shown (see Wetherell [3.137]) from Eqs. (3.466), (3.491) and 
(3.494) that the Strehl Intensity Ratio is simply the area under the MTF 
function, normalized such that the area under the diffraction MTF in the 
absence of aberrations is defined as unity. O’Neill [3.146] first pointed out 
this important relation as a consequence of the fact that I{Q) and L{s,t) 
are Fourier transform pairs. This gives an excellent understanding of the 
physical link between the two approaches. For small aberrations, the MTF 
function is independent of the nature of the aberrations, only depending on 
their variance. But for large aberrations, both the form of the MTF and the 
diffraction image depend strongly on the nature of the aberrations. The inte- 
gral under the function, i.e. the Strehl Intensity Ratio, cannot take account 
of these differences and is therefore an inadequate measure of the effect of 
strong aberrations. 
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The OTF may also be calculated as an approximation of geometrical 
optics: the larger the aberrations, the better the approximation will be. The 
formulation is given by Welford [3.6]. As was mentioned in § 3.3, the formulae 
of Nijboer [3.27] express the Fourier transform process of the rays from the 
pupil to the image. The intensity function Ig of the geometrical optical PSF 
is given by 

giving 

Lg{s,t) = K (3.508) 

® J-oo J-oo 

Modern, sophisticated optical design programs can determine the geomet- 
rical PSF as a spot-diagram. The intensity function can then be used directly 
to give the geometrical optical approximation of the OTF ; or combined with 
the diffraction integral to give the combined effect. 

We shall return to these considerations in RTO II, Chap. 4, in connection 
with the optical specification of telescopes. 



3.10.8 Diffraction effects at obstructions in the pupil 
other than 8ixial central obstruction 

The commonest obstruction is the “spider” , or supporting cross, holding the 
secondary in place in a Cassegrain. Such effects are best handled by applying 
the Babinet principle of complementary screens - see Born-Wolf [3.120(g)] 
or Ditchburn [3.147]. The two screens are complementary in the sense that 
the opaque and transmitting parts are inverted. If the complex amplitude 
induced at a point is U if no screen is present and Ui and U 2 when the 
screens are present, then the Babinet principle states that 

Ui+U2 = U (3.509) 

If 17 = 0, then U 2 = —Ui. The principle was first enunciated by Babinet in 
1837 [3.148]. The effect of a supporting (obstructing) rectangular spider is 
therefore the complement of two slits at right-angles placed over the pupil. 
The case of a rectangular aperture was treated in § 3.10.1. 

Dimitroff and Baker [3.23(e)] give results from Scheiner and Hirayama 
[3.149] for diffraction effects at a large number of obstructed apertures, includ- 
ing a single-arm spider and the normal double-arm form shown in Fig. 3.113. 
Each arm produces a diffraction “spike” at right-angles to its own direction, 
the combination then producing the well-known “diffraction cross” present 
in most astronomical photographs with bright stars in the field. Figure 3.114 
shows this in a typical plate taken with the ESO (MPIA) 2.2 m telescope. 

The avoidance of such diffraction spikes is the second advantage of the 
Schiefspiegler. Alternatively, the spikes can be modified by other forms of 
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Fig. 3.113. Normal form of supporting spider for sec- 
ondary mirrors shown here without central obstruction of 
the secondary 



masking or support. An excellent resume of the possibilities and diffraction 
images produced is given by Cox [3.150] . He shows the evolution of the diffrac- 
tion image with a normal spider with reduction of the spider projected area. 
The results of masking with 4, 5 and 16 round holes over the pupil are also 
shown. A 4-hole mask removes the spikes but affects the intensity distribu- 
tion in a more symmetrical way. Any obstruction will cause loss of energy 
in the central maximum and corresponding loss of contrast. Only when an 
obstruction becomes small compared with the wavelength of light will its 




Fig. 3.114. Typical astronomical photograph of a star field where diffraction spikes 
appear on the bright star images. The galaxy is NGC 253, photographed with the 
2.2 m telescope at La Silla with 40 m exposure. (Courtesy ESO) 
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presence become undetectable. Hence, if non-linear detectors such as photo- 
graphic plates are operating with bright stars in a strongly saturated regime, 
even fine wires across the pupil can produce diffraction effects comparable 
with normal spider supports. This is also illustrated by the complementary 
character of the normal supporting spider and two slits at right angles re- 
ferred to above from the Babinet principle. A spider arm with significant 
thickness is then complementary to a rectangular aperture, the case treated 
in §3.10.1 above. Fig. 3.100 shows the minima of the diffraction pattern for 
one dimension at the values tt, 27t, 37t, ... of the function 5u' . This function 
is defined for the y-direction by Eq. (3.436). For the first minimum at tt, it 
follows that 



2?/m H 

A /' 



(3.510) 



where is the aperture (slit) width and 5r]' is the linear distance in the 
image plane of the first minimum from the centre of the diffraction pattern at 
6v! = 0. Now if ym is doubled, then 5r]' must be halved for the first minimum 
if Eq. (3.510) is maintained. In other words, a doubling of the slit width halves 
the length of the diffraction effect. For the complementary spider arm, this 
means that the length of the diffraction spike is inversely proportional to the 
thickness of the spider arm responsible. This inverse linear law is the same 
as that governing the case of diffraction at a circular aperture (see §3.10.3) 
leading to the well-known Airy disk formula of Eq. (3.447) and the classical 
definition of the resolving power of a telescope given in Eq. (3.449).^^ 



Footnote for corrected reprint 2007: Historical note concerning the Mersenne afo- 
cal telescope 

The Mersenne afocal telescope, both aplanatic and anastigmatic, consisting of 
2 confocal paraboloids, is the most fundamental form that exists. Paul (1935) 
invented its 3-mirror focal extension but, although the properties of the afocal 
form were implicit in his own equations, he failed to recognize its anastigmatic 
nature. With 3 colleagues, I have researched the question as to who first clearly 
recognized the anastigmatic property. The properties are treated in recent liter- 
ature most thoroughly, e.g. Korsch, General Refs. [9]. The key to the first clear 
statement of the anastigmatic property was given in a classic paper by Baker 
in 1969 [3.75]. He refers to the McCarthy slitless spectrograph designed for the 
McDonald Observatory 82- inch telescope in 1937. My great friend and collabora- 
tor in many historical matters, Don Osterbrock of Lick Observatory, has kindly 
sent me a copy of the original publication by E.L. McCarthy (1940, Contribu- 
tions from the McDonald Observatory, 1, 97-102). He used the primary telescope 
paraboloid with a concave confocal paraboloid to produce the afocal collimator 
and proved clearly that the combination is anastigmatic. To make use of the ex- 
cellent wide field of the collimator, he combined it with an anastigmatic Schmidt 
System camera in his slitless spectrograph. McCarthy was the true discoverer in 
a practical realisation of the anastigmatic property - but he had not heard of 
Mersenne! 



4 Field correctors and focal reducers 
or extenders 



4.1 Introduction 

The term “field corrector” in telescope systems implies some system placed 
inside the image plane, but relatively close to it, whose primary function is 
to correct the field aberrations of the mirror system. If the mirror system 
does not correct the axial image at the focus in question (e.g. the prime focus 
of an RC telescope), the field corrector will also be required to achieve this. 
Normally, field correctors are substantially afocal, i.e. they only have a minor 
effect on the f/no of the incident beam from the mirror system. 

The term “focal reducer” refers to a transfer system (which may, in princi- 
ple, be before or after the real telescope image) whose primary function is to 
reduce the f/no of the mirror system, e.g. convert an f/8 Cassegrain image to 
f/3. A focal reducer will normally have the task of maintaining the quality of 
imagery over a larger angular field. Inverse focal reducers are also of practical 
importance, i.e. focal extenders which reduce the angular field and increase 
the focal length. In most practical cases, the focal reducers are closely related 
to the optical systems of spectrographs. 

Field correctors fall, in principle, into two groups: those designed to work 
with an existing (fixed) mirror system and those optimized with one or more 
free parameters of the mirror system. In the latter case, there is no real 
distinction between an optimized telescope with field corrector and the opti- 
mized telescopes of Chap. 3 in which additional plates, mirrors or lenses were 
added to the 1- or 2-mirror basic system. Since the theory is closely linked, 
the two field corrector groups will be considered together. 

The first reference to field correctors was apparently made by Sampson 
[4.1] [4.2]. In two remarkable papers based on Schwarzschild’s theory, he laid 
down some of the basic principles of field correctors with lenses, both for 
Cassegrain and Newton foci, the Newton case being optically the same as 
the prime focus (PF). This work was extended in 1922 by Violette [4.3] to 
the field correction of the newly invented RC telescope of Chretien. This 
was followed in 1935 by a classic paper by Paul [4.4], who systematically 
analysed the possibilities of lens correctors for both Cassegrain and prime 
foci and introduced the concept of aspheric plate correctors as the theoretical 
equivalent of a deformed plane mirror. He also treated the general case of 3 
aspheric mirrors leading to the Paul telescope discussed in Chap. 3. 
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The period from 1945 to about 1975 saw intensive activity in the design 
of field correctors to give larger fields for photographic plates. An excellent 
review was given by Wynne [4.5]. Their significance declined with the replace- 
ment in normal telescopes of the photographic plate by modern electronic de- 
tectors, above all the CCD. These detectors had - and still have - relatively 
small fields compared with photographic plates. However, arrays of detectors 
are becoming possible with larger fields, and techniques such as multi-image 
spectroscopy at the Cassegrain focus using fibres also place higher demands 
on field correction. 

Compared with 3- or 4-mirror solutions, refracting field correctors are 
usually more light-efficient but suffer from ghost reflections and chromatic 
aberrations. Aspheric plates are, in general, superior for ghost reflections 
because they are essentially similar to a flat, thin filter glass: the ghost image 
of a bright object is, for the small angular fields of telescopes, close to its 
primary image and normally swamped by the latter’s over-exposure (Fig. 4.1). 
For a plane-parallel plate in air, the ghost image displacement in the image 




plane 6gh is given for a small principal ray angle by 

2u„ 



Sgh — 



^gh 



gh 



(4.1) 



where dgh is the plate thickness and n'gf^ its refractive index. In a Cassegrain 
telescope is magnified by the telephoto effect typically by a factor of the 
order of 4 compared with the object field angle. For a semi-field of 0.25°, this 
gives ^ 1°, say 0.02 rad. For dgh — 10 mm and = 1.5 

Sgh — 0.267 mm , 



which is only of the order of 2 arcsec or less with the plate scale of a typical 
3.5 m telescope in the Cassegrain focus. By contrast, a lens can produce a 
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ghost image widely separated from the primary image. It will also, in general, 
be strongly defocused whereas the ghost image of the plate is only defocused 
by —‘i^dgu/rig^ relative to the primary image. 



4.2 Aspheric plate correctors 



4.2.1 Prime focus (PF) correctors using aspheric plates 



Paul [4.4] was the first to recognize, on the basis of Schwarzschild- Chretien 
theory, the correction possibilities of aspheric plates for both the PF and 
Cassegrain foci. 

For the prime focus, he considered first the case of a parabolic primary, 
showing that a single plate could correct the field coma at the cost of intro- 
ducing spherical aberration. With 2 separated plates the second condition of 
field astigmatism could be corrected, again at the cost of introducing spher- 
ical aberration which Paul proposed to correct by changing the form of the 
primary into a hyperbola. Implicitly, the complete theory of correctors using 
aspheric plates was laid out in this work by Paul. However, the practical sig- 
nificance was apparently not appreciated until the definitive work of Meinel 
[4.6] and Gascoigne [4.7] [4.8] [4.9], the two latter papers giving perhaps the 
best review of modern telescope optics available. 

The theory of aspheric plates was given in § 3.4, the conditions for the 
correction of the first three Seidel aberrations. S'/, S// and S///, being given 
by Eq. (3.220) for a 2-mirror telescope and aspheric plate near the pupil: 




-fC + Li + 5S*i 
f , V 



= 0 



-di^- 



/ 



"5s; 



^prl d 



^(/' + di)-f SS*j 



-i'prX 



= 0 



We can use this 2-mirror formulation also for the PF case by taking the limit 
case of a flat secondary in Cassegrain geometry, giving a positive focal length 
/'. This gives the same result as Eqs. (3.219). 

In these equations, (5S| is the contribution of the aspheric plate to ^ S/ 
and Spi is the distance of the plate from the primary in object space, a positive 
Spi corresponding to a virtual plate position to the right of the primary with 
the light incident from the left. It was shown by Burch [4.10] that the above 
formulation can be extended to any number of plates with (SSj)i, {SSj )2 ■ ■ ■ 
and {spi/f')i, [spi/f )2 ■ ■ •, the plate effects being additive. Furthermore, the 
effect of an aspheric plate in the convergent beam forming the image (Fig. 4.2) 
is the same as a plate at the conjugate point at Spi in object space whose 
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aspheric constant a is defined by Eq. (3.221) as 

SS} = 8{n' — n)ay‘^ , 

which is reduced by the factor where g is the distance of the plate 

from the image. The wavefront aberration contributions of the real and virtual 
plates are identical over the respective axial beam widths. 

In the PF case, the paraxial transformation for the virtual plate is simply 

> ( 4 - 2 ) 

in which /' = |/{|, the focal length of the primary, and g is defined as a 
positive quantity with g < |/(|. If, for our PF case, we place the fictitious 
plane secondary in contact with the primary, we can substitute in Eqs. (3.220) 
above 

7712 = -1, L = f, dl = 0, ^ = 0, Uprl = 1 

giving, with our usual normalization^ of yi = f , the conditions 
ESi = -fC + 5S* 

J2Sn = -lr+"fSS*, = 

ESiii = f'+[y) = 

^ It should be noted that this normalization with yi = /^ thereby eliminating the 
factors {yi/f') in various powers in Eq. (3.220), is only valid in the general case 
if the conditions are corrected to zero, as in Eq. (4.3). This must be borne in 
mind for cases where a telescope is deliberately not corrected for spherical aber- 
ration (^ Si) because of desired compensation of the aberration in a subsequent 
instrument. 



0^ 

0 

0 



(4.3) 
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As explained in § 3.4, if ^ S'/ = ^ S// = 0, the stop position in the system 
has no effect on the three Seidel aberrations and may be considered to be at 
its normal position, the primary. Then, with our normalization 

f ~ yi ~ tiprl — f 1 



it follows at once that 

^pL Vpr 

/' y 

As in § 3.4, we will define 
f 9 

from (4.2) and simplify the notation with 



(4.4) 



{dS*j), = S, 



for aspheric plate number v in a. multiple plate corrector. Then (4.3) becomes 
for a 3-plate corrector: 

Si -b S2 + S3 = +/'C 1 

EiSi + E 2 S 2 + E 3 S 3 = +f/2 [ (4.5) 

EfSi+ElS2+ElS3 = -r ] 

The quantity C defines the asphericity of the primary according to Table 3.5 
as 

C=^(l + 6.i), 

in which m 2 = —1 in our PF case. If C = 0 in (4.5), we have the conditions 
for the correction of a parabolic primary, essentially the same as those given 
by Wynne [4.5] with a slightly different normalization. 



4. 2. 1.1 One corrector plate. The first two equations of (4.5) immedi- 
ately enable us to prove the first fundamental property given by Paul [4.4]. 
For a parabolic primary (i.e. a conventional Newton telescope) and a single 
corrector plate: 



Si =0 

ES^ = f/2 



The only solution requires E = 00 01 , from (4.4), g = 0. The plate is in the 
image plane and would require infinite asphericity. So a single plate at a finite 
distance g can correct the coma of the parabolic primary but introduces, from 
(4.4), spherical aberration 






f-9 



(4.6) 
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With g = /'/lO, this gives Sj = (0.05556)/'. 



If the primary is allowed to assume a non-parabolic form giving a real 
solution in the case of a single plate corrector, we have from (4.5) 



which is negative since /' and g are positive. The required form of the primary 
is thus hyperbolic and the aspheric form of the plate is the opposite of a 
Schmidt plate correcting a spherical primary. If bsi has the value for an RC 
primary, then we have the Gascoigne PF aspheric corrector [4.7] [4.9]. The 
necessary position of the plate is given at once by transforming (4.9): 



This relation was given by Gascoigne [4.9]. Taking the value of (5 «i)bc from 
Table 3.2 as -1.03629, (4.10) gives 

g = (0.017822)/', 

only about 1.8% of j/[|. The single Gascoigne plate can correct the first two 
conditions of (4.5) by its two parameters of position and asphericity; but it 
cannot correct the third condition for astigmatism. In fact, it makes this far 
worse, but is still a most useful form of corrector as we shall now prove. 

For a single plate, the astigmatism is from the third equation of (4.5), 
and from (4.7) and (4.8): 



the same result as in Gascoigne [4.9] with different normalization. This result 
can be written as 



ESi 




(4.7) 



giving 




(4.8) 



or 




(4.9) 




(4.10) 



Y,Siii = f + EfSi 




Eliminating g from (4.10) gives 




(4.11) 
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the first term being the contribution of the primary mirror and the second 
that of the plate. For the RC primary of Table 3.2 with 6^1 = —1.03629, we 
have ^ Sill = /^(l + 27.56), so the astigmatism of the primary is increased 
by a factor about 29 times. In terms of g, (4.9) gives 

Clearly, the larger the negative value of (1 + 6 si) and, as a result g, the more 
favourable the correction of the Gascoigne plate at the PF. 

For RC telescopes with a lower value of |m 2 1 than that in Table 3.2 (|m 2 1 = 
4) , the primary is more eccentric and thus more favourable. We shall see later 
that certain correctors at the Cassegrain focus favour quasi-RC solutions for 
which the eccentricity of the primary is of the order of 30% higher than for 
the strict RC solution. This favours the Gascoigne plate corrector for the PF. 
Such a telescope is the ESO 3.6 m at La Silla. The Gascoigne plate corrector 
is provided with an additional field-flattening lens which flattens the mean 
astigmatic field. For an angular aberration of 1 arcsec at the mean astigmatic 
focus for the edge of the field, a field diameter oi 16 arcmin is possible in 
this case. Such a Gascoigne plate corrector with field flattener is an excellent 
solution for modern telescopes equipped with a CCD detector at the PF: it is 
robust, favourable for ghost images as we saw above, and also for chromatic 
effects as we shall show below. Let us consider first the field lens required. 
The mean field curvature is given as in Table 3.3 and from Eq. (3.206) as 

MFC = 2 Z! S'/// + ^ Siv 

Now Siv = —f for the mirror and is zero for the plate. From (4.12) 
f'" 

MFC = — = -H'^Pc , (4.13) 

9 

from (3.20), where H is the Lagrange Invariant and Pc the Petzval curva- 
ture. Now H = n'u'rj' and, with our normalization and the fictitious plane 
secondary, n' = 1, u' = —1, and rj' — /' in image space, so that H = — /'. 
The wavefront aberration MFC of the mirror-plate combination is positive 
according to (4.13), with Pc negative, so that the mean field curvature is 
concave towards the primary, i.e. the sign is reversed compared with the 
much weaker field curvature of the primary alone. Then (4.13) gives 

(Pc)mfc = -I /5 (4-14) 

From the definitions for Eqs. (3.20), we have for a surface v of the field flat- 
tener (FF) 



where {npF)i — n' = 1 for air in the image space and {n'pp)\ is the index of 
the lens FF. For compensation, we require 




[Pc) 



FF,i^ = 



{'rFF)v \{n'FF)v [nFF) 
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Fig. 4.3. Spot-diagrams for the PF Gascoigne plate-field flattener corrector (with filter) of the ESO 3.6 m telescope on La Silla. The 
Schwarzschild constant of the primary is bsi = —1.1567 for a quasi- RC solution 
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{Pc)ff = —{Pc)mfc , 

giving for the first surface oi FF if its second surface is plane 



{Pc) MFC 
This gives from (4.14) 

{rFF)i = g 



{n'pp)i {npp)i 



,{^ff)^ {^ff)i J V 

Since {n'pp)i > 1 and g is positive, the lens is a plano-concave field flattener 
with its first radius negative. 

From (3.221) and (3.20), a single plate in air has a chromatic variation of 
each aberration directly proportional to the chromatic variation of {n^i — 1), 
about 10% for crown glass from 1000 nm to 300 nm. Over most of the range it 
is far less and chromatism can be further reduced by supplying two Gascoigne 
plates for different wavelength regions. 

The finite thickness of the plate adds a plane-parallel plate which, in the 
converging beam, also produces aberrations. As windows, filters, etc., plane- 
parallel plates are common elements in the converging beams of telescopes. 
The aberrations introduced by such a plate are given in the works of Hopkins 
and Welford cited in Chap. 3 (refs. [3.3] and [3.6]) and are as follows (see 
Eqs. (3.254)) 



(Uff)i “ 1 



(4.15) 



{Si) 



pp 



'n'2 - l' 

‘^pp 



PP 



vr dry 



{Sii)pp = Si 

{Sni)pp = i^ySi 



(4.16) 



where dpp is the plate thickness, u = ^ the semi-aperture angle and Upr the 
principal ray angle which is the incidence angle of the beam on the plate. 

The final optical design of a Gascoigne plate with field flattener for the 
PF will take account of all such effects as well as balancing of higher order 
effects. In practice, such aspheric plates will also have a balancing term in 
as in Schmidt plates, to reduce their asphericity. Figure 4.3 gives spot- 
diagrams for the Gascoigne plate, field flattener corrector of the PF of the 
ESO 3.6 m telescope. 



4. 2. 1.2 Two corrector plates. Paul [4.4] investigated the case of a 2- 
plate corrector for a parabolic primary. His aim was the correction of coma 
and astigmatism. From (4.5) we have, then, the conditions 



SiEi 

SiEl 



S2E2 = \r 
S2EI = -r 
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giving 

c ^ 1 j/ (-^2 + 2) _ 1 w (-S'! + 2) 

^ ~ 2^ Ei{E 2 - El) ’ ^ ~ 2^ E^iEi - E 2 ) 



From (4.4), with 



El 



f'-9i 

9i 



we can derive 



E 2 



f -92 
92 



Y,Si^Si+S2 



1 .'2 r 91+92 

r [if'-9i)if'-92)\ ’ 



(4.17) 



which is the same as the form given by Gascoigne [4.9] apart from a different 
normalization. Since f and g are finite positive quantities and 0 < 5 < /', it 
follows that it is impossible to avoid introducing spherical aberration with a 
parabolic primary and two aspheric plates correcting coma and astigmatism. 
With gi = f'/lO and 32 = /720, (4.17) gives 

= {(!)= (0-08772)/', 



whereas a spherical primary mirror alone would give /74. The spherical aber- 
ration is therefore of the order of 1/3 of the aberration of a spherical primary. 
This is over one and half times the spherical aberration of Eq. (4.6) for the 
single plate correcting coma alone and with the same g as the larger plate 
of the 2-plate corrector. This illustrates an important consequence of multi- 
plate systems: because of compensations, the individual plates are stronger 
with corresponding effects on any uncorrected aberrations. The contribution 
Si of the larger plate is 



Si 



1 

2 



9Kf' + 92) 

.{91 - 92){f - 9i)\ ’ 



(4.18) 



which is almost exactly twice that of a single plate, from Eq. (4.6), correcting 
coma alone at the same distance gi . 

Paul [4.4] drew the logical conclusion that a 2-plate corrector should be 
used with a hyperbolic primary to correct ^Sj. The general condition of 
(4.5) can then be written: 

Si S 2 = +/^C = “^(1 + ^si) 

S 1 E 1 + S 2 E 2 = +f/2 

SiEf + S2El = -f 



(4.19) 



The solution of the second and third equations is the same as above giving 




Plates 



1/2 r (gi + 92) 

2 -^ [{f'-9i)ir-92)_ 
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The condition for correction of spherical aberration by the primary is there- 
fore 






(51+52) 



.(/' - 5 i)(/' -52) 



+ ^(1 + bsi) — 0 , 



or 



1 + bsi — —2/^ 



(51 + 52) 



.(/' - 5 i)(/' -52). 



(4.20) 



(4.21) 



This should be compared with Eq. (4.9), the equivalent expression for the 
single (Gascoigne) plate correcting a hyperboloid for spherical aberration 
and coma. Eq. (4.21) for the 2-plate corrector gives 



(1 + bsi)2pi — —0.351 

with gi — f'/lO, Q 2 = /72O. The Gascoigne plate with g = /'/lO gives from 
(4.9) 



(1 + bs\)xpi — — 0.222 



The 2-plate corrector correcting Su and ^ Sm therefore requires 

a much stronger hyperbola for the spherical aberration correction than the 
Gascoigne plate and this places it normally outside the useful range of RC 
or quasi-RC telescopes. In other words, its use in the PE requires a mirror 
combination unfavourable for field correction at the Gassegrain focus. 

There remains one interesting possibility: a 2-plate corrector with a 
parabolic or hyperbolic primary correcting ^ Sj and ^ Su only, without 
X) Sill- From (4.5) for the general case with a hyperbolic primary, we have 
the conditions 



S1 + S2 = +/'C 1 

R1E1 + R2-B2 = +/72J 



(4.22) 



giving 



_ ni-E 2 C) 

(E1-E2) ’ ' (E1-E2) 



(4.23) 



Clearly a positive value of C (i-e. &si < —1 with m 2 = —1) reduces the power 
of the plates compared with the case of a parabolic primary with C = 0- 
From the third equation of (4.5) the astigmatism is given by 



X] Sill = f + SiEf + S2EI 
or, from (4.23) 

X Sill = f + j{Ei+ E2) - fCEiE2 
Substituting for E from (4.4) gives 



(4.24) 
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^Siii 



{ 91 + 92 ) _ - 9 i){f' - 92 ) 

2 '' 9i92 9i92 



(4.25) 



Finally, substituting for C, from Table 3.5 with m2 = — 1 gives the form equiv- 
alent to that given by Gascoigne [4.9]: 



5 ,„ = + + ( 4 . 26 ) 

2 9i92 4 3152 

Gascoigne gives an approximate form for the second term on the reasonable 
assumption from practical application that 91,92 ^ f- Simplifying in this 
way, the second term of (4.26) reduces to 




/',4 , . i{r-9i){f-92) ^J'H-^ + hsi) 

-rU + Oslj" ' — 

4 9192 4 9152 

With this approximation and taking into account a factor for different nor- 
malization, the second term of Gascoigne should have a factor 8 in the de- 
nominator which is missing in [4.9]. This is important for the general conclu- 
sions of the potential of correctors consisting of two aspheric plates. Taking 
gi — /'/lO, Q 2 — /72O and bsi = —1.03 as a typical RG value, the approxi- 
mate form of (4.26) gives 



15/' -1.5/', 



i.e. the compensating second term is only 1/10 of the first term, which gives 
the astigmatism for such a system with a parabolic primary. This modest 
compensation is a consequence of the small departure from the parabola of 
RC primaries and confirms the conclusion from (4.21) that a much larger 
departure from the paraboloid (6^1 = —1.351) is required to correct all three 
aberrations with a 2-plate corrector with the above values of g\, g 2 - Without 
the factor 8 in the denominator of his second term, Gascoigne’s formula 
gives 80% compensation by the second term which would indicate the 2-plate 
corrector can give excellent correction of all three aberrations with modern 
RC primaries. Unfortunately, this is not the case. 

With the above values of gi, 32, the first term of (4.26) gives ^ Sm = 
15/' for a 2-plate corrector and a parabolic primary correcting = 

'^Sii = 0. Using (4.12) we can compare this with the astigmatism of a 
single plate corrector of similar mean size {g = 0.075/') correcting a hyper- 
boloid, giving '^Siii = 7.17 f, less than half that of the 2-plate corrector 
with parabolic primary. However, from (4.9), the corresponding eccentricity 
of the primary for g — 0.075/' in the singlet case is bsi — —1.162, much 
more favourable than a normal RC case. If bsi — —1.03 for a typical RC, 
the singlet Gascoigne plate requires from (4.10) g = 0.0148/' and gives 
— 34.33/' from (4.12), over twice that of the parabola, 2-plate 

case using much larger plates. 

The general conclusion is that the PF corrector with 2 aspheric plates is 
only of practical interest for a special PF telescope with hyperbolic primary 



4.2 Aspheric plate correctors 337 



of high eccentricity (6si ^ —1.35). This was the suggestion of Paul [4.4]. It is 
not a practical solution for parabolic or normal RC primaries, even if larger 
plates are used, because of the residual astigmatism. 



4. 2. 1.3 Three corrector plates. We can apply the 3 equations of (4.5) 



Si + S2 + S3 
EiSi + E2S2 + E3S3 
EfSi +E^S2+ EiSs 



+fC — 
+/'/2 



directly to correct the three conditions '^Si Su = ^ Sm = 0 for any 
value of (. Meinel [4.6] and Wynne [4.5] give the solution for the parabolic 
primary and subsequent work, which we shall consider in more detail, has 
extended the application to RC and quasi-RC primaries. We can derive the 
general solution from (4.5) which is 



/' [{1{E2 + E3) + 1}-E2E3C] 

{El — E3){E2 — El) 



(4.27) 



with equivalent expressions for S 2 and S 3 . Substituting for E from (4.4) 
reduces (4.27) to 



c. 91 



^ 4/'(52 +ffs) - (/' -52)(/' -53)C 



(53 -5i)(ffi - 52 ) 



(4.28) 



If the second term of the numerator is set to zero for a parabolic primary, 
(4.28) is the same as the result given by Wynne [4.5] apart from small dif- 
ferences of normalization. If the suffixes 1,2,3 are taken in the direction of 
the light, then 1 refers to the first (largest) plate with the largest g. The 
denominator in (4.28) is therefore negative. For S 2 it is positive and for S 3 
negative. Since the numerator is positive in all cases, these are the signs of 
the aspherics on the three plates: 1 and 3 as for a Schmidt plate, 2 the 
opposite like a Gascoigne plate for a hyperbolic primary. Figure 4.4 shows 
this situation schematically for 1-, 2- and 3-plate correctors. For 2-plate cor- 
rectors the sign of the front plate will depend on whether the conditions 
^ Sii = ^ Sm = 0 are corrected for a strongly hyperbolic primary (pos- 
itive front plate) ; or ^ S'/ = ^ S// = 0 for a parabolic or RC primary 
(negative front plate). 

Theoretically, a solution of (4.5) exists for any plate spacing and any 
asphericity of the primary; but small values of g and small differences in the 
3 values will lead to very high plate asphericities. Meinel suggests a maximum 
g of the order of 0.15/'. Let us take, as an example, gi — 0.15/', 52 = 0.10/', 
g 3 = 0.05/' and hsi = —1.04 for a typical quasi-RC giving C, = +0.01 from 
(4.8). Eq. (4.28) then gives 



Si=f 



9 

400 



0.075 - 0.00855 



-0.005 



/'(0.299 025) 
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Fig. 4.4. Schematic appearance of aspherics on PF plate correctors: (a) Gas- 
coigne plate (singlet) corrector for RC hyperbolic primaries; (b) 2-plate corrector for 
strongly hyperbolic primaries correcting Si = Sii — ^ Sm = 0; (c) 2-plate 
corrector for parabolic or RC primaries correcting Si = '^ Sn = 0; (d) 3-plate 
corrector for parabolic or RC primaries correcting Si = '^ Sn = ^ Sm — 0 



Transposing suffixes 1 and 3 gives for the third plate 



S3 



, 1 r0.125 - 0.00765 
^ ^ -0.005 



-/'(0.058 675) 



and similarly for the second plate, transposing suffixes 1 and 2, 



S2 



, 1 ro.io- 0.008 075 
^ Too 0.0025 



-b/'(0.367700) 



Then '^S = 0.01 /' = +f'C for the primary, as required by the first equa- 
tion of (4.5). The balance of terms in this example is instructive. The second 
term in C for the typical case chosen brings a reduction of only 11.4% for 
the first plate and only 6.1% for the third plate, relatively insignificant re- 
laxations compared with the plates for a parabolic primary. The individual 
plate contributions are respectively about 30, 37 and 6 times higher than the 
contribution of the quasi-RC primary. Since a spherical primary would give 
a contribution 0.25 f , the contributions of plates 1 and 2 are even higher 
than this! Furthermore, these contributions measure the required aspheric- 
ity of the plates over the axial beam width. But the axial free aperture of 
the plates must be multiplied by (1 -I- En) to avoid vignetting in the field. 
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where En is the £l-value for the real field and aperture. Since the aspherici- 
ties increase with y'^ compensated by a term, the field surplus on the plate 
diameter rapidly increases the total asphericity for small 5-values. We see, 
therefore, that the elegance of a multi-element corrector in correcting several 
conditions also exacts its price: the individual elements are very strong and 
this leads to higher order effects which limit the performance, as we shall see 
with practical examples. 

Multiplying (4.28) by E\ and E\ respectively, gives the coma and astig- 
matism contributions of the first plate as 

' \f'{f - 9 i){92 + 53 ) - (/' - 9i)W - 92)W - 93)C' 



{Sii)i = 



fh 

r 



(ff3 -ffi)(5i - 92 ) 



(4.29) 



If if - 9in92 + 93 ) - if - 9inr - 92){r - g,)c 

(53 - 5 i)( 5 i -52) J 

(4.30) 

with similar expressions for the other two plates. With the values given above, 
the contributions of the third plate to coma and astigmatism are (Sjfs = 
/'(— 1.260) and (<S'///)3 = /'(— 23.94). The latter is thus 24 times larger than 
the astigmatism of the primary mirror we are correcting, again a measure of 
the sensitivity of the system and the fine tolerances required. 

The chromatic variations of the aberrations Sj, Su, Sm will be propor- 
tional to the contributions of the individual plates but, in third order theory, 
will balance out as for the monochromatic aberrations themselves. From this 
theory, then, a set of plates of one glass will simply have the chromatic varia- 
tion of the mirror contributions on the right-hand side of Eqs. (4.5). As stated 
above, this will only be about 10% for crown glass and the full spectral range 
of 1000 nm to 300 nm. Unfortunately, in practice, the situation is much less 
favourable because of higher order aberrations, both monochromatic, and 
above all, chromatic. Third order theory assumes the paraxial heights of the 
rays at the different elements are respected in all cases. This is not the case 
with strong plates: the largest plate disperses the rays to different heights on 
the other plates, above all the principal ray affecting E which is very sen- 
sitive for the coma and astigmatism contributions. Such 3-plate correctors 
are therefore essentially limited by the higher order chromatic aberrations, 
above all chromatic differences of coma and, to a lesser extent, spherochro- 
matism and astigmatism. These effects are mitigated by the balancing y^ 
term in the plate form, but are still determinant. The only way to eliminate 
these chromatic effects would be to achromatise each plate individually as 
an achromatic plate using 2 glasses. In practice, this is barely possible since 
the individual plates of the achromatic combinations would be many times 
stronger than their combination, also producing higher order effects apart 
from the technical difficulty and cost. 

We shall return to this issue in comparing lens and plate correctors. 



{Siii)i = — 
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Wynne [4.5] stated in 1972 that the manufacture of such 3-plate correctors 
had not apparently been envisaged for the correction of a parabolic primary. 
I think this is still true today. The manufacture was seriously envisaged for 
RC and quasi- RC telescopes but, I believe, has never been carried out. 

Schulte [4.11] investigated such a 3-plate corrector on the basis of Meinel’s 
work [4.6] for the Kitt Peak 3.8 m, f/2.8 RC primary. A detailed investigation 
was carried out by Kohler [4.12] [4.13] and colleagues for the ESO 3.6 m, f/3.0 
quasi- RC primary. This system has been re-calculated by Wynne [4.5] [4.14] 
for comparison with lens correctors. The original system (Wilson [4.15]) had 
25% vignetting. Spot diagrams for an optimized form without vignetting 
and with extended spectral range were given for this 3-plate corrector plus 
field lens by Cao and Wilson [4.16]. These are reproduced in Fig. 4.14 in a 
comparison with a 3-lens corrector. Since the latter gives superior chromatic 
performance, the 3-plate system was abandoned at the time. The relative 
merits are further discussed later in comparison with the lens corrector. 



4.2.2 Cassegrain or Gregory focus correctors using aspheric plates 



This possibility was referred to briefly in § 3.4 in connection with the addition 
of full-size aspheric plates in the object space of 2-mirror telescopes. We are 
concerned now with a real aspheric plate (or plates) near the Cassegrain (or 
Gregory) image which is then treated as a virtual plate in object space, as 
in the PF case above. For a single plate, we have from Eq. (3.220) in our 
simplified notation above for the fulfilment of the three aberration conditions 
Y^Si = Y,Sii Sill = 0 



-/'C + L^ + S 

-di^ ~^+ES 







(4.31) 



with E = Spi/f for the virtual plate in object space at a distance Spi from the 
primary, as shown in Fig. 4.5. A paraxial ray must be traced back from the 
real plate at distance g inside the secondary image to the conjugate point in 
the object space. If the paraxial parameters ri, T 2 and di are first eliminated 
to give an expression in /', L, m 2 and g [g being defined as positive and 
the other quantities having the signs given in Chap. 2 for the Cassegrain and 
Gregory cases), one can derive 



Spl = /' 



t 

9 




(4.32) 



The second term of this expression can be simplified by eliminating m 2 in 
terms of di, a negative quantity in both cases, giving 



L 




f + di 



di+f^ 

/2 



L 



(4.33) 
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Fig. 4.5. Conjugate virtual plate in object space for a real aspheric plate at 
distance g in front of the Cassegrain focus 



with /2 defined as negative for a Cassegrain telescope. Therefore 
^ V f ff + d,\ f fd, + f^\ 



(4.34) 



This expression in terms of /2 is the same as that given by Burch [4.10] and 
Gascoigne [4.9]. Eq. (4.34) is valid for both Cassegrain and Gregory forms: 
since /' is positive for Cassegrain and negative for Gregory, E also has these 
signs. 



4. 2. 2.1 Strict aplanatic telescope. If such a plate is applied to a strict 
aplanatic (normally RC) focus, corrected for '^Sj — = 0, then the 

first equation of (4.31) requires S' = 0 if ^ S'/ = 0 with the plate. Since S ^ 0 
ii g > 0, it follows that such a plate changes all three aberrations. Clearly, 
it can correct the astigmatism of an RC telescope at the cost of introducing 
spherical aberration and coma. From Eq. (3.108) or (4.31), the RC condition 
for the secondary is 

/' 

which, by substitution in the third equation of (4.31), gives the condition for 
correction of the RC astigmatism by the plate as 

Y,Siii = ^(^f+Y)+E^S = 0 (4.35) 



or, from (4.34) 

= f 




't 

. 9 




(4.36) 



Gascoigne [4.9] expresses the first term in the equivalent form with his nor- 
malization of /{(2/' + di)/2(/( — di), to which it can be converted using 
L = TO 2 (/i — d\) from (2.75). 
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The necessary form for a Gascoigne plate correcting the astigmatism of 
an RC telescope is then given from (4.36) by 



s = -f 






(4.37) 



and the equivalent plate profile equation from Eq. (3.221) 
S — 8{n' — n)ay'^ 



(4.38) 



Gascoigne [4.9] points out that the second term in the denominator of (4.37) 
is small compared with the first. For the RC values of Table 3.2, the second 
term is 3.58. Gascoigne [4.8] gives g — 250 mm for aim telescope. If we take 
/y g = 35 as a reasonable minimum, then the error in neglecting the second 
term is < ca. 10% and we can write, following Gascoigne, from (4.37) 



Sk 






(4.39) 



showing that the strength of the plate is approximately proportional to g^ . In 
both the RC and aplanatic Gregory cases the plate is negative like a Schmidt 
plate, the opposite form from a Gascoigne plate in the PF. 

Since the contribution of the aplanatic system to the spherical aberration 
and coma is zero, we have from (4.31) 



Y.Sj = S 

Y,Sii = ES 






/' + f 

L 

/' + f 

L 





(4.40) 

(4.41) 



With the approximation neglecting the second term of the denominator as 
above 

( 4 . 42 ) 

i.e. the coma introduced is roughly proportional to g. 

Taking the RC values of Table 3.2, we have /' — 1, di = —0.19375, L — 
0.225. Then with g — /'/35 we have from (4.40) for the normalized telescope 
with f/0.5: 

S = -(0.004066 7)/' 

With /' = 35000 mm for a 3.5 m telescope and setting the relative aperture 
at f/10, we have from Eq. (3.181) 



= —0.000 111 2 mm = —0.1112 /rm 
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At the best focus, Eq. (3.190) then gives the angular aberration with yi = 
1750 mm as 

(Suj,)bf = — — (Wj)gf( 206 265) arcsec 
yi 

= +0.02621 arcsec 

The effect on the spherical aberration is therefore negligible in practice. 
Similarly, from (4.41) and Eq. (3.181) we can derive the coma as 




in which Upr/up^m gives the real semi- field compared with the normalized 
value Uprm of 1 rad. Taking Upr = 15 arcmin gives 

{W'u)gf = -0.001 219 5 mm , 

which from Eq. (3.198) gives the angular tangential coma as 

{Su ) Comat = (206 265) arcsec 

2/1 

= +0.4312 arcsec 

This coma is not negligible for best quality but may be acceptable if we 
compare it with the residual astigmatism of the RC telescope without the 
corrector. We have from (4.36) 

(X! Siii)rc = -E^S = -£; X 
and from (3.181) and (3.208) 

(Su )ast,m = -^-^^(206 265) arcsec 
2/1 

for the angular astigmatism at the mean focus. For Upr = 15 arcmin, we 
deduce for the naked RC telescope 

{5up)ast,m = -0.788 arcsec 

Since this declines with the square of the field and the coma only linearly, the 
use of such a singlet Gascoigne plate corrector with these parameters would 
be marginal: the astigmatism correction is paid for by a coma half as large 
at a semi-field of 15 arcmin. A more attractive solution would be to halve 
g to give f'/g — 70. From (4.42) the coma would be roughly halved. But 
the asphericity of the plate is increased, according to (4.38), although S is 
reduced. 
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4. 2. 2. 2 Quasi-RC (aplanatic) telescope. A more interesting possibility, 
in practice, is the optimization of the whole telescope system to fulfil all three 
conditions = Su = ^ Sm = 0 from (4.31) using all three aspheric 
parameters ^ and S. We can re-write these equations in the form 



-fC + L^ + S = 0 
U-di^ + ES = 0 

V+‘^^ + E‘^S = 0 

1j 

where 

U = -\f 

y _ rl if + dl) 

^ L 

E = + 

9 L 



(4.43) 



(4.44) 



are constants for a given telescope geometry, with g positive and the other 
quantities with the signs given in Chap. 2. 

The solution of (4.43) is 



{LV + diU) 
E{d\ -f LE) 
LEU-LV-diU 

fC-s 

L 



(4.45) 



Taking again the data of Table 3.2 and f'/g — 35, the values are 



di = -0.19375/', L = +0.225 f 



U = -0.5 f, V = -H3.583 333/', E = -h31.4167 
giving 

S = -0.00418133/' 

C = -f0.729 015 
/ = -f3.258 650 
From Table 3.5 with m 2 = —4: 

= -1.045 563 
bs2 = -3.260 541 

Comparing with the values for the RC system of Table 3.2, we see that bgi 
has increased by 0.89% which is negligible from a manufacturing viewpoint. 
However, the increase in (1 + bgi) is 25.6% which is very advantageous for 
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prime focus correctors. The increase in bs 2 is 3.18%, again negligible from a 
manufacturing viewpoint. 

We now note a very important property which is common to most 
Cassegrain correctors: the value of S above must be similar to that calculated 
above for a Gascoigne plate for a strict RC system, in fact it is 2.82% larger 
than that value. This effect on the spherical aberration was only 0.026 arcsec, 
completely negligible. So the corrector can he removed without any effect on 
the axial image quality. However, it does affect the coma: this was the reason 
for liberating the mirror constants. We have for the contribution of the plate 

{Sii)pi =ES= -0.13136/' 

and E has the same value taken for the strict RC case. So the coma on remov- 
ing the plate is also 2.82% more than the value calculated above, which gives 
a tangential coma for our quasi-RC on removing the plate of 0.4434 arcsec 
at a semi- field of 15 arcmin. 

Since all three conditions are fulfilled, this quasi-RC system with an as- 
pheric plate is the theoretical equivalent of a system of 3 aspheric mirrors 
with the third (plane) mirror near the focus. Such systems have been stud- 
ied in detail by Schulte [4.17] and Bowen and Vaughan [4.18]. According 
to Gascoigne [4.9], several such telescopes had been built by 1973. Schulte 
[4.17] discusses the corrector for the 1.52 m quasi-RC design at Cerro Tololo, 
including a field-flattener, and gives a quality of less than 0.5 arcsec for a 
semi-field of Upr = 0.75° for the wavelength range 660 nm to 340 nm. The 
plate is of fused silica and has a diameter of 380 mm. Gascoigne [4.9] also 
pointed out that a flat field of 3° diameter was realised for a 1 m telescope 
by using equal radii on primary and secondary and correcting with such a 
plate to a monochromatic quality within 0.2 arcsec. 

As in the PF case, the limits will be set here by the higher order chro- 
matic aberrations, above all chromatic differences of coma and astigmatism. 
These can be considerably reduced if large amounts of lateral chromatic aber- 
ration (C 2 ) and chromatic difference of distortion are tolerated; but this is 
only acceptable if the use is confined to narrow spectral bands with interfer- 
ence filters. Normally, all of these aberrations must be reasonably balanced 
against each other. Figure 4.6 gives spot-diagrams for such a system based 
on the Cassegrain geometry of the ESO 3.6 m telescope and including a field 
flattener. 

In view of the favourable ghost images of such correctors (see above in 
the introduction to this chapter) and the robust and favourable position 
tolerances of plate correctors, there is no doubt that such a plate corrector 
with a quasi-RC solution represents a very attractive design. Furthermore, 
the increased eccentricity of the primary in the quasi-RC solution favours 
the design of PF correctors in general and the Gascoigne plate for the PF in 
particular. 

Although the effect on the spherical aberration is negligible, this does 
not mean that the asphericity over the whole plate diameter is small. The 
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Fig. 4.6. Spot-diagrams for a quasi-RC telescope with Gascoigne plate corrector and field flattener based on the geometry of the 
ESO 3.6 m telescope (f/3 - f/8) 
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large values of E, such as 31.4167 above, mean that the principal ray is E- 
times higher than the aperture ray for the normalized telescope with f/0.5 
and Upr — 1. For a real telescope with f/10 and a field diameter of 1.5°, 
the real value Ereai = 8.225. The aspheric form in Eq. (3.221) defining 
the plate depends on and the aspheric constant is determined by S over 
the axial beam width. So Sreai must be multiplied by = 4577 for 

Ereai = 8.225. This gives an asphericity of about 1 mm from Eq. (3.221) 
for n' = 1.5 and a 3.5 m telescope at f/10. The compensating term, as 
in the Schmidt plate, reduces this to about one quarter, i.e. w 250 /xm. We 
see that a 3° diameter field would require an asphericity 16 times as high, 
becoming prohibitive from a manufacturing viewpoint. In practice, such plate 
strengths will anyway lead to unacceptable chromatic effects. Schulte [4.17] 
gives the maximum departure from the nearest sphere as ± 64 /xm for the 
corrector plate of the 1.52 m telescope for Cerro Tololo. Scaling the telescope 
size from 3.5 m and allowing for his use of fused silica with n' ^ 1.46, this 
is in excellent agreement with the value above of about 250 /xm for a 3.5 m 
telescope. Chromatic effects are worse for Cassegrain telescopes with a high 
7712 because the angle Up^ of the emergent principal ray is magnified by the 
same order. But this is the angle of incidence of the principal ray on the plate 
as shown in Fig. 4.1 and the chromatic differences of astigmatism and coma 
will increase with it. 



4. 2. 2. 3 Cassegrain correctors consisting of 2 or more aspheric 
plates. It is clear that similar considerations apply to the Cassegrain fo- 
cus as to the prime focus, but with the important difference that the relative 
aperture is far lower for the Cassegrain and, in consequence, the factor E is 
much higher. 

A classical Cassegrain presents an identical situation to a parabolic pri- 
mary of the same relative aperture, whereas an RC combination has no PF 
equivalent. With 2 plates at the Cassegrain, 2 conditions can be fulfilled. 
As in the PF case, the only interest (in principle) would be the correction 
to achieve ^ Su — ^ Sm = 0 with free parameters for ( or or both. 
The correction of the astigmatism of a strict RC, maintaining the other two 
conditions, would require a 3-plate corrector. 

We have seen above that the limitations of the single Gascoigne plate in 
the Cassegrain with a quasi-RC solution are set only by the plate strength due 
to high values of E and the corresponding chromatic aberrations of higher 
order. We have also seen that multi-plate correctors, because of the nature 
of the aberration compensations in the solution matrix, must have far higher 
individual plate strengths than is the case for single-plate correctors, leading 
to increased higher order chromatic aberrations. For these reasons, although 
the 3-plate case for an RC telescope does not appear to have been formally 
designed for a practical case, it seems very unlikely that it would be a viable 
solution. 
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Nevertheless, for special cases, 2- or 3-plate correctors may be of consid- 
erable interest. One such case, considered briefly in §3.4, was the correction 
of spherical aberration in the Hubble Space Telescope (HST). In that case, 
since the error was on the primary at the pupil, there was no effect on coma 
or astigmatism. Since the RC astigmatism was corrected at the individual 
instruments the correction required is only in ^ Sj. This is the opposite case 
from a 3-plate corrector mentioned above to correct astigmatism in an RC 
telescope, but the principle is the same. An excellent optical solution was pos- 
sible, but the logistics of its mounting in space would have presented major 
technical problems and dangers of failure, as was also the case for other techni- 
cally interesting solutions. For these reasons, a 2-mirror corrector (COSTAR) 
was preferred, which also has the advantage of avoiding spherochromatism 
and other higher order chromatic effects [4.19]. More details are given in 
RTO II, Chap. 3. 

4.3 Correctors using lenses 

4.3.1 Prime focus (PF) correctors using lenses 

4. 3. 1.1 Theory of basic solutions. Reference has been made above to 
the early work of Sampson [4.1]. Gascoigne [4.7] [4.8] and Wynne [4.5] give 
excellent reviews of this and later work. 

In 1913 Sampson was concerned with a corrector for a Newton telescope 
with an f/5 parabolic primary. Following his work on a 3-lens corrector for 
a Cassegrain telescope (see below), he investigated the possibilities of a PF 
corrector consisting of 3 thin lenses of a single glass, effectively afocal, the 
largest being at a distance 0.215 / from the focus, the smallest at 0.175 / , 
in front of the Newton flat. The lens spacings were therefore quite small and 
arbitrarily selected. Sampson set up the three third order equations for ^ Si, 
^ Sii and the “curvature” combination of ^ Sm and ^ Siv and realised 
he could not, with practicable lens shapes, satisfy the condition ^ S'/ = 0 
as well as the other two conditions with the parabolic primary; or indeed 
meet the conditions '^Sj S// = 0. He proposed, therefore, to abandon 
the parabolic form, replacing it by a hyperboloid “nearly as far beyond the 
paraboloid as the paraboloid is beyond the sphere” {bgi = —1.944 in our 
notation). This permitted correction of the coma and the curvature condi- 
tions. The central lens had opposite sign from the two outer ones, a principle 
applied in later successful systems. 

Apart from establishing the fundamental difficulty of correcting spherical 
aberration and the field aberrations with a parabolic primary, Sampson also 
pointed out the well-known advantage of eliminating secondary spectrum by 
the use of a single glass in an effectively afocal corrector system. 

In 1933 Ross [4.20] published results of astrometric investigations with 
the 60-inch Mt. Wilson reflector, to which a prime focus corrector of his 
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design had been added to the parabolic primary. This seems to be the first 
PF corrector to be made and applied in practice. It consists of a compact 
(effectively “thin”) doublet system which is of a single glass and roughly 
afocal. In the above paper, Ross refers to the problem of residual spherical 
aberration and believed at that time that an aspheric surface could improve 
this. 

In 1935 he wrote a second paper [4.21] with a complete optical analysis of 
the system. He drew attention to the important fact, well-known from lens 
theory, that it is impossible to correct both first order chromatic aberrations, 
longitudinal and transverse, with separated lenses, whether or not the cor- 
rector is afocal. This is easily proved from the theory given in Eq. (3.222) 
where the two first order chromatic coefficients were termed C\ and C 2 . From 
Hopkins [4.22] for two lenses 



— {Cl)l + {Ci)2 1 

Y.C 2 = [E^{C^)^+E2{C^)2] h] ’ 

in which the Lagrange Invariant H = 1 for our usual normalization and 



(4.46) 



E = 



1 Upr 

ipY 



as before. If the longitudinal chromatism ^ C\ is to be corrected, then 



(C'i)2 — —(^ 1)1 



and 

Y^C2 = {CMEi - E2) 

This can only be zero if Ei = E 2 (“thin” system without spacing) or (Ci)! = 
0 (lenses of zero power). 

This theorem has important consequences for lens correctors in general. 
On account of it, Ross started with a 2-lens afocal corrector with nominally 
zero spacing and zero thickness. The theory of this case is strictly analogous 
to that given above for aspheric plates, except that the aberrations of the 
corrector are generated by the powers and bendings of the lenses which may 
or may not, at this stage, have aspheric surfaces. From Eqs. (4.3), (4.4), (4.5) 
and (3.213) we have 

= ~f'C~‘r{Si)cor I 

J2Sn = -y + {Sn)cor+E{Si),or \ , (4.47) 

ESlII = f + {Sni)cor+2E{Sn),,r+ E^{Si),or) 

in which (S'//)cor Eind {Suj)cor are the “central” contributions, i.e. the con- 
tributions of the corrector if the stop were in its plane. Eq. (4.4) is the same 
as for the aspheric plate since the lens corrector is afocal: 



9 



(4.48) 
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For a parabolic primary, C = 0 giving 

(Sz)eor = 0 if = 0 

Since [4.22] for a “thin”, afocal corrector Sm = H^{Ki + K 2 ) = 0, the 
equations give for ^ Su = ^ Sm = 0 

{Sll)cor = 

and 

/' + Ef = 0 
or, from (4.48) 

r-9_ ^ 

9 

Since, in our formulation using a dummy flat secondary in § 4.2.1, both /' 
and g are defined as positive quantities with g < f, this condition cannot 
be fulfilled. In other words, such a thin, afocal doublet cannot fulfil all three 
conditions with a parabolic primary. 

If we accept that ^ S'/ ^ 0, and use the second and the third equations 
of (4.47) to achieve ^ Su = ^ Sm = 0, we can derive at once 

{Sl)cor = Y.^I 

with the parabolic primary as 

(S/).o. = f (4.49) 

or, substituting (4.48) 

(S/)cor = g (4-50) 

In his derivation, Ross [4.21] assumed the astigmatism of the primary was 
negligible and simply required the corrector to be free from astigmatism. (It 
should be noted here that the field curvature of the primary is even weaker 
and can be considered as a small compensation of its astigmatism. In the PF 
case, it is not necessary to introduce it as a separate condition in Eqs. (4.47), 
since we shall mainly be dealing with afocal correctors for reasons of achro- 
matism). This approximation gives in our notation 

(5/),„, c^^^g [jAr^) > (4-51) 

the form also given by Gascoigne [4.9] with a different normalization factor. 
This result given by Ross was of fundamental importance in corrector devel- 
opment since it confirmed in explicit form the implicit conclusions of Samp- 
son. It enabled Ross to conclude that the correction of coma and astigmatism 
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with a thin, afocal lens system inevitably leaves finite spherical aberration 
whose amount depends (roughly linearly) only on the parameter g, i.e. the 
distance from the focal plane relative to the focal length. The powers and 
shapes of the lenses are immaterial. By implication, it must also have been 
clear to Ross that the result implied independence from asphericity on the 
corrector as well, in contradiction with his first paper [4.20]. However, this 
important corollary was stated neither by Ross [4.21] nor by Paul [4.4] and 
was first clearly enunciated in a classic paper by Wynne [4.23] in 1949 in a 
general analytical treatment of field correctors for parabolic mirrors. We shall 
formally prove this below. 

Since Ross was interested in correcting existing parabolic primaries, the 
possibility of correcting the spherical aberration at the primary, as proposed 
by Sampson, was not acceptable. Instead, he fixed limits on the amount 
of Converting (4.51) to the disk of least confusion in arcsec (see 

Eq. (3.184) and Eq. (3.190)), Ross postulated a mean value of g/f = 0.04, 
giving an image spread of 1.7 arcsec for an f/5 paraboloid and 5.8 arcsec for 
f/3.3 (Palomar). The value of g/f was a delicate compromise: if made too 
small, the powers and/or bendings of the lenses will be so strong that higher 
order field aberrations will dominate. 

Following Hopkins [4.22], the “central” contributions of a thin lens (stop 
at the lens) can be expressed as 



{Si)l 



{Sii)l 
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[Siv)l 
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(4.52) 



where n' is the refractive index, the power, Xl a dimensionless “shape 
factor” and Yl a dimensionless “magnification factor” The paraxial ray 
height y is proportional to g. Yj^ is largely determined by the converging ray 
bundle from the primary mirror; but and are free parameters in the 
equations for (S'/)l and There are therefore, as Ross pointed out, an 

infinity of solutions to be chosen between powers and bendings. 

Ross noted that the spherical aberration could be reduced by introducing 
a small separation - but this inevitably introduces chromatic aberration from 
(4.46). The finite thicknesses of the lenses also disturbed the achromatism. 
The transverse chromatic condition C 2 then requires glasses with slightly 
different dispersions (7% with the thicknesses Ross chose). He preferred to 

2 It should be noted that Eq. (4.52) is simply a more general form, using different 
parameters, of Eq. (3.271). 
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correct the longitudinal condition C\ using identical glasses, giving a small 
departure from afocality and a slight transverse chromatism. The secondary 
spectrum is, with identical glasses, zero irrespective of the total power of the 
system. 

Ross proved that the Seidel distortion {Sv)cor of the corrector is also 
uniquely fixed by the parameter g by the relation 



thereby increasing rapidly with reduction in g and in conflict with the spher- 
ical aberration condition of Eq. (4.50). Distortion has been neglected in our 
general treatment of telescope systems because it is usually small enough to 
be of no consequence when calibrated. Field correctors, however, can intro- 
duce appreciable distortion: even when calibrated, significant distortion may 
lead to objectionable photometric effects. 

In his pioneer work, Ross investigated many doublet arrangements in 
detail. He concluded that the best solutions put the negative lens at the 
front (nearer the mirror), particularly for small values of g/f, say < 0.05. 
For larger ^-values, viable solutions were also found with the positive lens at 
the front, but spherical aberration and distortion values were less good than 
in the reverse order. In all cases, the total power of the corrector was negative. 
His original system for the 60-inch, f/5 Mt. Wilson telescope primary had an 
8-inch aperture and g — 0.05/'. 

An elegant general theorem concerning the impossibility of correcting 
^ Si as well as ^ Su and ^ Sm for a parabolic primary and a corrector 
consisting of any number of thin lenses in contact was given by Wynne [4.23], 
who showed that correction of all three conditions is only possible in the limit 
case where the total power of the system, including the primary, is zero. Such 
an afocal total system is the strict equivalent of an afocal Mersenne beam 
compressor using two confocal paraboloids, which is also anastigmatic. Such 
a beam compressor was used by Paul [4.4] (see Fig. 3.73) as the basis for his 3- 
mirror telescope proposal. A similar possibility would exist, in principle, with 
the above afocal system with lenses. But, in practice, as Wynne points out, 
the secondary spectrum would preclude its use. The Paul telescope would be 
preferable in every way, including obstruction aspects. 

In general, one could say that, although Ross’s work effectively introduced 
practical PF correctors, the spherical aberration of his doublet solutions for 
paraboloids would not be acceptable today. He mentions [4.21] that “a system 
consisting of three lenses will be discussed in another paper” . Apparently this 
paper never appeared, but Wynne [4.5] [4.24] has given details of such a design 
realised for the 200-inch, f/3.3 Mt. Palomar primary - see Fig. 4.7 taken from 
Wynne’s paper [4.5]. Ross used his compact doublet, with negative lens at 
the front in combination with a thin, strongly curved meniscus placed before 
the doublet at about twice the g- value. This gave good correction on axis, but 
according to Wynne [4.24] about 3 arcsec of monochromatic comatic image 




(4.53) 
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Fig. 4.7. The 3-lens 
Ross corrector for the 
Mt. Palomar 5 m, 
f/3.3 parabolic pri- 
mary (schematic, after 
Wynne [4.5] [4.24]) 



spread at 10 arcmin off-axis, apart from chromatic difference of coma. Wynne 
gives a modified design, with thicker meniscus and inverted powers on the 
doublet, giving much improved field performance. The Ross 3-lens designs 
were more satisfactory for less steep paraboloids such as the 120-inch, f/5 
Lick primary. 

Apart from his pioneer work on aspheric plate correctors, Paul [4.4] carried 
out in 1935 a detailed analysis of lens correctors, based only on the earlier 
paper of Ross [4.20]. Paul considered first the case of a single lens, pointing 
out that it was only of theoretical interest because of the inevitable chromatic 
aberration. The equations for the three conditions Sii, Sill are 

identical to those given for an afocal doublet in Eqs. (4.47), except that the 
definition of E given in (4.48) has to be modified to take account of /' ]/{], 

which changes the length metric in our normalized system. However, this 
has no effect on the validity of Eqs. (4.47). The proof that it is impossible to 
correct all three conditions with a parabolic primary therefore remains valid. 
Paul gives solutions either for the correction of ^ S'/ = ^ S// = 0 with finite 
^S///; or, following Ross, with = 0 with finite In 

principle, the two available parameters Ki and Xi from (4.52) are sufficient 
to satisfy the two conditions; but Paul realised that with the necessary small 
distance from the focus, a practical solution led to extreme bendings X/. 
He therefore introduced a third parameter, an aspheric surface, to relax the 
requirements, enabling an equiconvex lens to be used. Taking g = 0.20]/{], he 
derived a residual ^ S/, for the system with ^ S// = ^ S/// = 0, equivalent 
to a disk of least confusion of 1.7 arcsec for the 60-inch, f/5 paraboloid of Mt. 
Wilson. 

Although Paul does not state this explicitly through an equation equiv- 
alent to (4.49) for the inevitable residual spherical aberration resulting from 
the paraboloid-lens combination, it is clear that he understood this limita- 
tion because he states that the solution of all three conditions requires C ^ 0 
in (4.47) and that the primary must have hyperbolic form. The subsequent 
aspheric on the lens was solely to relax the shape factor X/,, giving a better 
practical solution for ^ Sii — — 0 for a parabolic primary, not an 

attempt to correct ^ Si which Paul knew was inevitable. 

Paul then treated the case of an afocal doublet of a single glass, following 
Sampson [4.2] and Ross [4.20]. Again, Eqs. (4.47) express the requirement for 
the correction of the three conditions and Paul explicitly suggests correcting 
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^ S'/ by a hyperbolic form of the primary. With g/f = 0.05, he deduces the 
necessary eccentricity bgi = —1.22 for the primary from a formula equivalent 
to (4.50) for {Si)cor, dependent only on g/f. Paul noted that this departure 
from the parabola is much less than that proposed by Sampson [4.2] {bgi — 
— 1.944 - see above) and that such a solution would be applicable to the 
first RC telescope, then just completed by Ritchey. This telescope has been 
referred to in §§ 3. 2. 6. 3 and 3.7.2 above. The constructional data are given in 
Table 3 of Bahner’s book [4.25]. With a primary of f/4.0 and an RC focus of 
f/6.85, the secondary magnification m 2 = —1.71. This value is far lower than 
those typical of modern RC telescopes and led, from Eq. (3.114) or (3.115) to 
a much more eccentric primary. This favoured at that time Paul’s proposal 
for such correctors for RC primaries, a basic idea which was to be very fruitful 
30 years later. 

We shall now consider several specific cases, starting with the proof of 
the important theorem of Wynne [4.23] that an aspheric surface brings no 
advantage for a thin, afocal corrector for a parabolic primary, irrespective of 
the number of lenses. Adding an aspheric extends the Eqs. (4.47) to 

^ Si = —f'C + {Si)cor + Sp '1 

ESii = -y' + {SiiUr + E{SiUr+ESp [ (4.54) 

ESlII = f + {SiiiUr+mSll)cor+E^{Si),or + E^Spj 

For the parabolic primary, ( = 0 and {Si)cor + S'p = 0 if ^ S'/ = 0. This can 
be written (S'/)*^^ = 0. The last two equations of (4.54) can then be written 

J2Sii = -y' + {SiiUr + E{Si)i,, 

ESiii = f + {SiiiUr + 2EiSn),or + E^Si)l,, 

which have exactly the same form as the equivalent equations of (4.47) and lead 
to exactly the same spherical aberration residual of (4.49). The only advan- 
tage of an aspheric surface is, in the sense used by Paul, to relax the bending 
requirements for the lenses to achieve coma and astigmatism correction. 

As stated above, the Eqs. (4.47) apply also to a single lens with power, as 
discussed by Paul. If an aspheric term Sp is added as in Eqs. (4.54), the con- 
clusion is identical. Therefore, an aspheric surface cannot influence the resid- 
ual spherical aberration of a “thin” corrector satisfying ^ S'// = Sill = 0 
for a parabolic primary, irrespective of whether the corrector is afocal or not: 
the property comes from its “thin” nature, whereby all constructional param- 
eters have the same value of E. 

Let us consider now the possibility of a thin, afocal doublet combined with 
a parabolic primary to satisfy XI S/ = XI Sii — 0 with X Siii ^ 0. Setting 
the first two equations of (4.47) to zero with C = 0 gives for the astigmatism 

'£Siii = f{l + E), (4.56) 

bearing in mind that the central astigmatism {Sin)cor = 0 because the 
doublet is afocal. From (4.48) 
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Again g may be chosen at will, as for the case of a corrector for ^ Sji = 
X] ^iii — 0- With g = 0.05/', it follows from (4.57) that the astigmatism 
of the primary mirror, which is /', is increased by a factor 20 times in this 
case. Gascoigne [4.9] implies this solution is useless in practice because the 
astigmatism is excessive. It is instructive to compare it with the astigmatism 
of the Gascoigne plate as a PF corrector for hyperbolic primaries which was 
given in Eq. (4.12) as 

For small values of g, the astigmatism of the thin doublet from (4.57) is about 
twice that of the Gascoigne plate with the same value of g. However, in the 
Gascoigne plate case, g is determined by the eccentricity of the primary, 
whereas the doublet corrector for a parabolic primary allows a free choice of 
g. With ^-values ~ 0.05/', the astigmatism residual may be more favourable 
than that given by Gascoigne plates for typical RC primaries. 

We will now consider more closely the proposal of Paul [4.4] to use a 
compact, afocal doublet with a hyperbolic primary to correct X ^i- We have 
from (4.47) and (4.50) with X ^ii = X ~ 0 



X ^/ = -/'C + {Sl)cor = 0 

= ir^) = “ 

From (3.71), setting m 2 = —1 for a Gassegrain with plane secondary, equiv- 
alent to the PF 

C = -^(1 + bsi) , 



giving 



bsi = -1 -4— 
/' 




(4.58) 



Since /' and g are defined as positive, this proves Paul’s statement that 
correction of all three conditions with a thin, afocal doublet requires a hy- 
perbolic primary. Setting g — 0.05/' gives bgi = —1.222, in agreement with 
Paul. Eq. (4.58) gives the approximate relation quoted by Gascoigne [4.9] 



(1 + r, 

U A •' 



(4.59) 



a good approximation because g must be small for modern RG telescopes. 
For the RG system of Table 3.2 with m 2 = —4, Eq. (4.59) gives g ~ 0.0091/' 
for such a PF corrector. By comparison, the Gascoigne plate required from 
(4.9) 
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giving for small values of g/f a distance g from the focus about twice that of 
the doublet with correspondingly larger diameter. This is an advantage for 
higher order aberrations, but we must remember that the Gascoigne plate 
does not correct ^ Sm - indeed it is vastly increased. 

Equation (4.59) effectively expresses the scaling law first enunciated in a 
major paper on RC telescopes and correctors by Wynne [4.14]. Since g /', 
the spherical aberration of the corrector will increase roughly linearly with 
g/f ■ But if the corrector is scaled in the same proportion, this metric change 
has no effect on its angular contributions to coma and astigmatism. (This 
can easily be formally confirmed from Eqs. (4.47), (4.48) and (4.51)). This 
property is precisely what is required for different eccentricities of different 
RC telescope primaries of constant focal length and relative aperture, for 
which the coma and astigmatism contributions are constant. Only minor 
changes will need to be made for real lens thicknesses. Wynne shows that the 
same principle applies to a more complex corrector such as one consisting of 
three lenses. 

Consider now the case of a thin, afocal doublet combined with an aspherie 
plate separated from the doublet. The E-values are now different, Eqs. (4.47) 
giving 

HSi =-fC + {Sl)cor + Sp 

X) SlI = —\f + {Sll)cor + Ecor(Sl)cor + EpSp > (4.60) 

E SiH = f + (Slllfor + 2E,or{Sll)cor + ElfSlfor + E^Sp J 



For a parabolic primary, (/ = 0 gives Sp = —{Sfcor if E ~ f*- Reduction 
leads to the requirement, if all three conditions are to be fulfilled: 



(S/)eor = f 



(Ecor + 1) 

{Ecor - Epf {gp — gcorf 



9p9c 



(4.61) 



confirming the previous conclusion that no solution exists for E^or = Ep. 
But with Ecor f Ep, a solution exists. This leads to the important general 
conclusion that aspheric surfaces on lenses, or separate plates, are useful 
parameters in combination with other lenses, or lens groups, from which they 
are axially separated. (This conclusion is, of course, identical with the basis 
of multi-plate correctors dealt with in § 4.2.1.) In other words, an aspheric 
on a lens is not useful for the correction of spherical aberration in its own 
function; but may be useful in combination with other elements with different 
E, the utility being principally in the relaxation of bending requirements as 
recognised by Paul [4.4]. The solution for a parabolic primary corrected by 
a thin afocal doublet and separated aspheric plate was already treated by 
Wynne in 1949 [4.23]. It was proposed also by Schulte [4.11] for an RC- 
telescope. According to Wynne [4.5], with the spherical aberration correction 
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Fig. 4.8. Reflector-corrector due to Baker [4.27] 

liberated by the hyperbolic primary, it offers little advantage over the doublet- 
only type corrector with a hyperboloid proposed by Paul [4.4] and taken up 
in 1961 by Rosin [4.26], using a two-glass doublet design. 

At this stage, we must introduce the reflector- corrector due to Baker 
[4.27]. This solves the problem of spherical aberration with a Ross-type dou- 
blet correcting a parabolic primary by adding into the incident beam, in 
roughly the same plane as the doublet, a Schmidt-type corrector plate - 
Fig. 4.8. This system is also discussed by Wynne [4.5]. The doublet corrects 
coma and astigmatism for the front stop and also field curvatureby appropri- 
ate residual positive power, giving somewhat more spherical aberration than 
that of a normal Ross doublet. This is corrected by the Schmidt-type plate, 
rather as in a Wright-Vaisala camera (see § 3. 6. 4.1), except that this latter 
cannot correct astigmatism and field curvature and works with a primary of 
oblate-spheroidal form. Since the stop is at the plate, it has no effect on other 
aberrations than ^ Sj. This system has only half the length of the Schmidt 
telescope and gives in addition a flat field. The reflector-corrector can also 
be removed for naked use of the paraboloid. If this convertibility is of no 
consequence, the reflector-corrector can be used with a spherical primary as 
a compact modification of the Schmidt system. 

We will now consider the case of an afocal corrector consisting of 2 spaced 
lenses, i.e. with different Fl-values. In fact, the same treatment applies to 2 
spaced afocal doublets, since, as we saw above, the same formulae apply except 
for the precise form of the £^-parameters in terms of physical dimensions in 
the system. For this case, Eqs. (4.47) can be written 




(4.62) 



+E^(Si) 

cor 1 + EliSi) 

cor 2 
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If the conditions = Sn = ^ Sm = 0 are to be fulfilled with C = 0 
for a parabolic primary, these equations give: 

( ^ I ') cor 2 — 

( ^ 1 cor 2 — 

(5*///)cor2 — 

For 2 separated single lenses, the transverse chromatic condition C 2 cannot 
be fulfilled as well as the longitudinal condition Ci, as was discussed above. 
Otherwise, the four conditions Sjj, ^ Sm and Ci can, in principle, 

be fulfilled by the parameters: 2 powers, 2 bendings, E 2 and {Ei —E 2 ), as was 
implicit in the work of Paul [4.4]. For 2 separated thin afocal doublets, 2 more 
parameters are available, 2 bendings. The two extra powers are not free pa- 
rameters because the thin doublets are each defined as afocal, correcting both 
Cl and C 2 with a single glass without secondary spectrum. This parametric 
situation is more generous than that of a single afocal doublet with a sepa- 
rated plate which gave the solution of Eq. (4.61) for given E-values. With 2 
thin afocal doublets, there are, in principle, an infinite number of solutions 
for given E-values. Such a 4-lens system is, therefore, clearly promising as 
a corrector for paraboloids. An intermediate solution would be a 3-lens sys- 
tem consisting of a single afocal doublet and a single afocal meniscus with 
significantly different E- values, as was chosen by Ross (Fig. 4.7). 

If the primary is hyperbolic, this will further relax these systems. 

4. 3. 1.2 Modern correctors for parabolic primaries. Wynne’s work 
[4.24] on improvements to the three-lens designs of Ross has been mentioned 
above. Although this brought considerable improvement, the limitation from 
chromatic difference of coma was still larger than desirable. Accordingly, 
Wynne [4.28] investigated 4-lens correctors for paraboloids. He started from 
the concept above of two separated, thin, afocal doublets of a single glass 
(UBK7). Above all, the coma correction was distributed evenly between the 
two doublets, whereas the 3-lens Ross corrector of Fig. 4.7 achieved the coma 
correction mainly at one surface of the doublet. The spherical aberration 
contributions of the doublets are equal and opposite and the astigmatism 
contributions largely so, giving a sum '^{Sm)cor balancing that of the pri- 
mary. The scaling law, mentioned above, can be applied. For the initial de- 
sign, the ratio gi/g 2 of the distances from the focus was taken to be about 
3. Since the finite thicknesses disturb the chromatic conditions, the order of 
powers in the two doublets is reversed to allow compensations. Individual 
powers were given initially with numerical apertures of about ± 0.3, but this 
is not critical. This design corrects XC' 2 , '^Sj, '^Su, '^Sm and 

X ^iv- The system was then optimized for real thicknesses and separations. 
This leads to separations of the two doublets, above all of the second one. 
Wynne gave details of such a design for the Palomar 5 m, f/3.34 paraboloid. 



( Sj ) cor 1 

\f - (El - E2){Sl\orl- {.Sn)corl 
- [ (Sni) cor 1 -f- 2(Ei E2^{SjJ^corl 
+ (Ei-E2)2(5/)corl +/'(!+ E 2 )] 



(4.63) 
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Fig. 4.9. Wynne design for a 4-lens corrector of the Palomar 5 m, 
f/3.34 paraboloid. The cross shows the focus of the naked 
primary (after Wynne [4.28]) 



Only spherical surfaces were used. The final corrector had a small negative 
power, giving f/3.52 in the final image. Figure 4.9 shows the section through 
the system and Fig. 4.10 the spot-diagrams, both taken from Wynne’s paper 
[4.28]. Later, Wynne showed a similar design for the Isaac Newton 2.5 m, 
f/3.0 primary with somewhat thicker front lenses. Thinner lenses give better 
performance in such designs, but can give sag problems. Also, the larger the 
system, the better its theoretical performance. 

The spot-diagrams clearly reveal the limitation of such correctors by chro- 
matic difference of coma, particularly due to the reversal of sign of the residual 
coma at the edge of the field of 25 arcmin diameter. The spot-diagrams fall 
within 0.5 arcsec over the whole field for the mean focal position except at 
the two extreme blue wavelengths. 

The higher order chromatic aberrations, mainly chromatic difference of 
coma and astigmatism, limit all practical correctors. This is inevitable with 
separated, powered lenses because of the dispersion of ray heights on subse- 
quent elements. The situation is alleviated by inverting powers of successive 
lenses, as Wynne has done. This limitation could only be removed by achro- 
matising each lens. Not only would this lead to unacceptable absorption, but 
also much increased individual powers with serious monochromatic higher 
order effects as well as secondary spectrum. Such systems would not be prac- 
tical, so the limitation of higher order chromatic effects will remain. 

In the above analysis of the possible correction of all three third order 
conditions for paraboloids, a solution with 3 lenses (an afocal doublet and 
a meniscus) was referred to, as attempted by Ross and improved by Wynne 
[4.24]. Since ghost images are a significant problem with correctors [4.29], 
a 3-lens solution is of great interest if satisfactory quality can be achieved. 
Applying the argument discussed above, which had its origins in the work 
of Paul [4.4], that an aspheric surface can relax a system if it has a different 
Fi-value from those of other elements, Faulde and Wilson [4.30] designed a 
3-lens corrector for paraboloids with an aspheric surface on the concave side 
of the central negative lens. The aim was to achieve a similar quality for the 
paraboloid as was achieved by the 3-lens corrector for RC primaries designed 
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Fig. 4.10. Spot-diagrams for the Wynne design of Fig. 4.9: (a) on axis, (b) 6 
arcmin off-axis, (c) 9 arcmin off-axis, (d) 12.5 arcmin off-axis. The circle has a 
diameter of 0.5 arcsec. (After Wynne [4.28]) 



by Wynne [4.14], which we shall discuss in the next section. The design is 
shown in section in Fig. 4.11 and the spot-diagrams in Fig. 4.12. This work was 
suggested by Elsasser and Bahner in the framework of studies for the 3.5 m 
MPIA telescope. A paraboloid of 3.5 m with f/3.0 and a well corrected, flat 
field of ±0.5° were requirements using the single glass UBK7. 

Since the field is ±0.49° compared with ±0.25° for the Wynne system of 
Fig. 4.10, and the paraboloid somewhat steeper, the quality of this correc- 
tor is not within 0.5 arcsec. The aim was spot-diagrams within 1.0 arcsec 
over the whole field and for all wavelengths, which was just about achieved. 




Fig. 4.11. 3-lens corrector for paraboloids using one aspheric by 
Faulde and Wilson [4.30] 
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Fig. 4.12a. Spot-diagrams for the 3-lens corrector of Fig. 4.11. The circle repre- 
sents 0.5 arcsec. (a) Basic focus 

As we shall see, the quality is fully comparable with the 3-lens RC primary 
corrector (without an aspheric) of Wynne, calculated for a similar field and 
mirror geometry. Faulde and Wilson concluded that the aspheric surface in 
the paraboloid corrector can replace one lens in the all-spherical 4-lens solu- 
tion. The aspheric is a moderate ellipse with a Schwarzschild constant from 
Eq. (3.11) of —0.0619, but the higher order terms show appreciable depar- 
tures from the series corresponding to the above ellipse. Relative to a sphere 
with the same curvature at the pole, the asphericity at the edge of the lens 
is about 0.22 mm, but this would be much reduced by another reference 
sphere. The aspheric form emerges above all from the control of fifth order 
coma. Whether some exactly elliptical form would be adequate would require 
further investigation. In view of aspheric testing with null-systems, it does 
not follow that an exact ellipse is the best form for manufacture. For ease of 
testing, it was considered essential to apply the aspheric to a concave surface. 
This aspheric assumes a quite different role from that of the overcorrection of 
an RC primary because the relative pupil position (£^-value) and significant 
incidence angle of the principal ray cause it to influence the field aberrations 
as well as the axial spherical aberration. 

It should be noted that the front lens of the Faulde- Wilson 3-lens design 
is larger, relative to the primary, than that of the Wynne 4-lens system. For 
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Fig. 4.12b, c. Spot-diagrams for the 3-lens corrector of Fig. 4.11. The circle 
represents 0.5 arcsec. (b) Focus shift -1-0.05 mm, (c) focus shift —0.05 mm 
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the 3.5 m MPIA primary and an unvignetted field diameter of 0.982°, the 
free diameter of the front lens was 471.2 mm. However, its thickness of about 
50 mm gives it a robust form. The corrector has slight negative power, the 
case with most such correctors: it converts the relative aperture from f/3.0 
to f/3.35. 

For the same reasons given for the Wynne 4-lens corrector, this corrector 
is also limited by the higher order chromatic aberrations. The role of the 
aspheric, relative to the size of the corrector, is further discussed in the next 
section. 



4. 3. 1.3 Modern correctors for RC primaries. The invention of Paul 
[4.4] to use a Ross-type afocal doublet and correct the spherical aberration 
with the RC primary is still valid today as a modern solution for fields up to 
the order of 30 arcmin diameter. Reference was made above to Rosin’s design 
[4.26] with a hyperboloid, who used a doublet of two glasses to reduce the 
lateral chromatic aberration C 2 in the sense discussed by Ross (see above). 
Small longitudinal chromatic aberration C\ had to be accepted. Rosin aimed 
to achieve 0.1 arcsec resolution over a field of 1° diameter (or more!). He 
claimed this quality was attained over the 1° diameter field for the wave- 
lengths 589, 656 and 486 nm. Unfortunately, he did not give spot-diagrams 
in the conventional form. Extension to extreme wavelengths 1014 and 365 nm 
places much greater chromatic demands on the system. More significantly, 
he assumed a primary of 2 m at f/12.5 and with a Schwarzschild constant 
bsi = —2.49! This has little relevance for modern RC telescopes and must 
be seen as a special telescope of exceptional length. 

In general, doublet correctors for RC primaries will be of more interest if 
of the single glass type. An excellent example is the doublet corrector of two 
quartz lenses designed by Wynne [4.14] [4.5] for the 105-inch, f/4 RC primary 
of the McDonald telescope with m 2 = —2.25. Spot-diagrams are given for a 
maximum field diameter of 28 arcmin. They are within 0.5 arcsec for the 
wavelength range 770 to 365 nm except for the lateral chromatic aberration 
C 2 . If the axial chromatism Ci is corrected, it is the lateral chromatism 
that limits these doublet systems. This is a consequence of the fact that no 
compensation is possible by a further element or elements such as can take 
place with triplet correctors. 

For many purposes, the corrected field with the doublet will be satisfac- 
tory; but for classical photography or multi-fibre spectrographs wider fields 
are desirable. In the 1960’s, when the fundamental work was done, PF pho- 
tography with baked plates was still a significant demand. 

The classical work on the application of 3-lens correctors to RC primaries 
was performed by Wynne [4.24] [4.14] [4.5]. In 1965, Wynne [4.24] investi- 
gated such a corrector for the Kitt Peak 3.8 m RC telescope with an f/2.8 
primary. Five different designs were considered, the best consisting of a front 
doublet with leading negative lens and a rear cemented triplet which was 
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Fig. 4.13. 3 -lens corrector by Wynne [4.14] [4.5] for the 
Kitt Peak 3.8 m, f/2.8 - f/8 RC telescope. All three 
lenses are of UBK7. (After Wynne) 



monochromatically effectively a single lens, but whose centre lens was of a 
high dispersion glass. The front lenses were also in different glasses. The spot- 
diagrams are shown for a field diameter of 30 arcmin and are mainly within 
0.5 arcsec. Secondary spectrum effects of the lateral chromatic aberration C 2 , 
due to the different glasses, are significant at the edge of the field. 

In his 1968 paper [4.14], Wynne described a new design for the Kitt 
Peak telescope for a field of 50 arcmin diameter. The magnification had been 
slightly reduced compared with the original proposal (f/2.8 to f/8 instead of 
f/9). This increased the eccentricity of the primary and favoured the corrector 
design. It is a three-lens system of one glass as shown in Fig. 4.13 and has 
become the standard basic design for RC primaries. In view of the inevitable 
limitations of higher order chromatic aberrations, the spectral range was split 
over 2 interchangeable correctors in order to increase the field coverage at high 
quality. Spot-diagrams are within 1 arcsec for the field diameter of 50 arcmin 
and a spectral range of 486 to 405 nm. 

Wynne applied the same basic design to a corrector for the ESO 3.6 m, 
f/3-f/8 quasi- RC telescope. Because the primary of this telescope had been 
optimized for use with a singlet corrector at the Cassegrain focus (see below), 
its eccentricity was higher than the strict RC form would give, favouring the 
corrector. Even the strict RC form would have been more favourable than 
the Kitt Peak telescope because m 2 = —2.67 instead of —2.86 for Kitt Peak, 
apart from the advantage of the somewhat smaller relative aperture. Such a 
higher eccentricity would still not be sufficient to compensate the spherical 
aberration of a Ross-type doublet placed similarly to the front lens of these 
3-lens designs; but it relaxes the amount of spherical aberration the front 
lenses have to compensate. The rear positive lens compensates the astigma- 
tism of the front pair, as well as the lateral chromatic aberration generated 
by their separation. Data for this corrector are given in [4.14]. Wynne [4.5] 
compares this 3-lens corrector with the design using 3 aspheric plates and 
a field flattener given by Kohler [4.12] [4.13], discussed in §4. 2. 1.3 above. 
Wynne’s comparative spot-diagrams show that his lens system gives supe- 
rior performance over the entire field and spectral range specified. This is 
confirmed by the comparison of Cao and Wilson [4.16], where the plate and 
lens systems are compared without vignetting for the wide spectral range 
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from 334 - 1014 nm. This comparison is shown in Fig. 4.14. Above all, the 
3-lens system is superior in the higher order chromatic aberrations, par- 
ticularly chromatic difference of coma. This arises because the lenses have 
2 parameters, power and bending, compared with essentially 1 parameter 
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Fig. 4.14. Spot-diagrams for two correctors for the ESO 3.6 m quasi-RC telescope: 
(a) the basic plate system of Kohler with field flattener, recalculated without vi- 
gnetting; (b) the Wynne-type lens corrector also recalculated without vignetting. 
(After Cao and Wilson [4.16]) 
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for the plates, the asphericity. Even the monochromatic performance of the 
plate system is slightly inferior, although this is not the limitation in either 
system. The only advantages of the plate system would be its ghost images, 
as discussed in § 4.1, and the insensitivity of plates to flexure through sag 
effects. 

In connection with the ESO 3.6 m design, a 3-lens corrector with opposite 
power distribution to that of Wynne, namely negative-positive-negative, was 
investigated by Baranne [4.31] [4.32], using one aspheric surface. Its perfor- 
mance was less good than the Wynne form, which appears to be the definitive 
solution. 

Wynne [4.5] [4.14] also gives results for a 4-lens corrector, similar to his 
system for a paraboloid shown in Fig. 4.9. He reported a modest reduction 
of the largest skew aberrations to about 75%. A similar level of improvement 
was obtained by adding an aspheric to each of the three lenses of the triplet 
corrector, with 2 powers of figuring. Little improvement was obtained with 
less than three aspherics. Wynne concluded that these gains were too modest 
to justify the additional complication. Wilson [4.15] approached this aspect 
from the opposite direction by introducing weak lens power with one plane 
surface into the 3-aspheric plate solution, discussed above. This produced 
considerable improvement, but the final system of 3 weak aspheric lenses was 
no better than the Wynne all-spherical 3-lens corrector. 

This matter was investigated by Cao and Wilson [4.16]. Experience with 
the Wynne-type 3-lens corrector for the ESO 3.6 m quasi-RC telescope had 
revealed flexure problems for the first two lenses. The chromatic performance 
improves with reduced thicknesses, so these had been held as small as pos- 
sible. The authors’ aim was to thicken these elements and to attempt an 
improvement of the higher order chromatic aberrations by introducing as- 
pheric surfaces and, possibly, a fourth lens. This work essentially confirmed 
the trends reported by Wynne. The best system had 3 aspherics (one on each 
lens) with 2 powers of figuring plus a fourth lens to flatten the field. The front 
thicknesses were significantly increased: the second lens was certainly more 
resistant to flexure, the first lens probably so, but this required more investi- 
gation. The results confirmed conclusions drawn by Richardson, Harmer and 
Grundmann [4.33] [4.34], who also achieved improved performance through 
bigger correctors with an aspheric. Allowing a front lens some 62% larger 
relative to the primary compared with the Wynne-type corrector of the ESO 
3.6 m telescope and using an aspheric on the second lens, Richardson et al. 

[4.33] attained significantly improved performance in a corrector for the 3.9 m 
Anglo- Australian telescope (AAT). A similar system was designed by Hen- 
neberg at Carl Zeiss for the 3.5 m MPIA telescope [4.35]. Richardson et al. 

[4.34] also showed that successful designs are possible with fast primaries of 
f/2.0. An example is given for the proposed 7.6 m telescope of the University 
of Texas - Fig. 4.15. 
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Fig. 4.15. 3-lens prime focus corrector designed by Richardson et al. [4.34] for the 
then proposed 7.6 m, f/2 primary of University of Texas. (After Richardson et al.) 



The front meniscus lens of Fig. 4.15 is about the same size as the same au- 
thors’ design for the 3.9 m AAT, i.e. the size relative to the primary (g— value 
above) is much larger in the latter case. The AAT primary has f/3.25 com- 
pared with f/2.0 proposed for Texas. As a result, while the first two lenses 
of the AAT design are excellently robust, those for the f/2.0 Texas primary 
are markedly more curved, above all the front lens. With the diameter pro- 
posed, 613 mm, it seems possible that flexure problems would appear, as 
discussed by Cao and Wilson [4.16]. This system was never manufactured as 
the telescope project did not come to fruition. 

The work of Richardson et al. showed, above all, the gain achievable by 
increasing the size of the corrector. This was pointed out by Wynne [4.28] in 
connection with correctors for paraboloids. A significant increase in size of 
the front lens was also applied in the 3-lens paraboloid corrector, using an 
aspheric on the second lens, by Faulde and Wilson [4.30]. Wynne’s scaling law 
with (6si + l) corresponds, according to Eq. (3.115) to a proportionality to the 
inverse cube of the secondary magnification (l/m^). Modern RC telescopes 
tend to steeper primaries with larger values of m 2 - For one Texas design 
by Richardson et al. [4.34], m 2 — —6.75 giving fogi-values hardly departing 
from the parabola. In contrast with the early RC designs discussed by Paul 
[4.4], the modern RC form of primary hardly contributes any overcorrection 
of spherical aberration. This is the reason why the aspheric on the concave 
surface of the second lens, as proposed by Faulde and Wilson [4.30] for the 
paraboloid, is increasingly valuable for modern RC correctors. However, as 
Richardson et al. [4.34] correctly point out, the larger the system, the less 
the aspheric is needed. Faulde and Wilson allowed a front lens diameter of 
471 mm with a 3.5 m primary, compared with 360 mm for the equivalent RC 
corrector. The resulting aspheric was, to a third order, quite weak. Conversely, 
for the smaller correctors used earlier by Wynne [4.14] and considered with 
only modest increase in diameter by Cao and Wilson [4.16] for less extreme 
m 2 -values such as —2.7 for the ESO 3.6 m telescope, three aspheric surfaces 
are required to obtain a significant gain. This supports the design direction 
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of Richardson et al. to go to the limit in corrector size. In such cases, though, 
flexure problems may set the practical limits [4.16]. 

As discussed above in connection with paraboloid correctors, the only 
theoretically complete solution to the limitations of higher order chromatic 
aberrations would be achromatism of each lens with 2 glasses. Apart from 
problems of secondary spectrum, this is impossible in practice for the reasons 
given above. Furthermore, the larger systems become, the less practicable 
such achromatism becomes. In this sense, no further major advance over 
existing systems seems possible with refracting elements. 

Much work on PF correctors for recent telescopes, often with extremely 
steep primaries, has been done by Epps and collaborators. A good example 
is the design for the 10 m Keck telescope segmented primary (at that time 
still an RC design) by Epps, Angel and Anderson [4.36]. Figure 4.16 is repro- 
duced from their paper and shows that the front meniscus is used with an 
interchangeable “blue” or “red” unit which contains the two smaller lenses 
of the 3-lens corrector and the flat window of the detector. The blue unit 
also contains an atmospheric dispersion corrector (ADC), a subject we shall 
deal with in § 4.4. The primary is very steep with f/1.75 and correspondingly 
only slightly hyperbolic {bgi = —1.0038). Very complete spot-diagrams are 
given for four spectral ranges, with refocusing for the blue system. Figure 
4.17 gives results for 2 of the 4 spectral bands shown. The middle and rear 
lenses each have an aspheric. The form of the spot-diagrams off-axis is com- 
plex, no doubt a result of the high relative aperture of the primary and the 




Fig. 4.16. 3-lens PF corrector for the 10 m Keck primary (after Epps et al. 
[4.36]) 
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Fig. 4.17. Spot-diagrams for the system of Fig. 4.16 for two of the four spectral 
bands given (after Epps et al. [4.36]) 



effects of the aspherics. The worst spot-diagrams have a spread of the order 
of I arcsec, which the authors consider, in tentative conclusions, to fall short 
of requirements. 

Earlier in 1982, the same authors [4.37] [4.38] had favoured a Paul-Baker 
reflecting type corrector. This, as was shown in Chap. 3, can give superb 
imagery and is completely achromatic. However, as Richardson and Morbey 
[4.39] pointed out, the corrector has anyway to work with refracting elements 
such as wide-band filters, detector faceplates and cold-box windows whose 
refractive effects cannot be compensated in purely reflective correctors. This 
is a major advantage of refractive correctors, in spite of their limitations. 

Brodie and Epps [4.40] have also designed improved correctors for an older 
telescope, the 120-inch Shane telescope of the Lick Observatory. This has a 
parabolic f/5.0 primary. Depending on geometrical space constraints, 3-lens 
(quartz) solutions with spherical surfaces were set up for fields of 30, 40, 50 
and 60 arcmin diameter. Other solutions for 60 arcmin field diameter used 
larger elements (front lens 24.7 inch diameter) with spherical surfaces, and 
“normal” sized elements (front lens 19.3 inch diameter) with one aspheric 
on the second lens. The aspheric gives improved performance, for lenses of 
this size, over the equivalent all-spherical solution, in agreement with the 
conclusions above. 

Modern designs confirm that the optimum type of corrector will depend 
on the Schwarzschild (conic) constant and f/no of the primary, and on the 
permissible size of the front lens relative to that of the primary. This latter 
may well be limited by flexure, above all if the primary has a high relative 
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aperture. Depending on the above parameters, an aspheric surface (or sur- 
faces) may or may not be worthwhile. Supplementary conditions can greatly 
complicate the problem. For example, Epps (private communication) has at- 
tacked the problem of maintaining a telecentric output for use of the corrector 
with fibres for a multi-object spectrograph. This condition is in conflict with 
a flat-field requirement. For the Shane telescope, he obtained a good design 
with all spherical surfaces if a strongly concave, hyperbolic field is accepted. 
This forced the use of a strong aspheric. Other constraints he mentions in 
retrofit designs for existing telescopes are parfocality with the naked focus, 
limited allowed change in f/ratio and long back focus. 

The Wynne design for the RC prime focus correctors goes back to 1968 
and has set the standard for many years. This (and virtually all subsequent 
variants discussed above) used only one glass, normally Schott UBK7, for cost 
reasons and with optimum transmission for materials available at that time 
in the required diameters. This situation was determinant for the design, 
above all the relatively wide spacing of the 3 lenses. As discussed above, 
since the lenses are not themselves achromatized, the separations lead to 
serious higher order chromatic effects, notably chromatic difference of coma 
and astigmatism. Thus two correctors were necessary to cover the spectral 
range from 334 nm to 1014 nm with a quality more or less meeting the 1 arcsec 
requirement over a 1° field. The finite thicknesses of the first two lenses also 
impair the chromatic performance, so these thicknesses were held to what 
was deemed a reasonable minimum. In fact, the image quality of the ESO 
Wynne-type corrector has been constantly impaired by flexure astigmatism 
of these two elements, as discussed above in connection with the work of Cao 
and Wilson. 

More recently (1996) the whole problem has been approached with differ- 
ent premises by Delabre [4.75]. Special glasses are now available in adequate 
diameters, notably fused silica and Schott FK5. Figure 4.18 shows the De- 
labre system with its performance and data in the standardized format of 
Fig. 4.6. In fact, it is no longer a triplet corrector, but a 4~^ens corrector. 
However, this does not involve an extra lens since the fourth lens is simply 
the cryostat window, which is given some optical power, of the CCD detec- 
tor. The figure shows that the first three lenses are in a compact group of 
axial length 152 mm instead of 490 mm in the old Wynne-type corrector. 
The front lens is about 19% smaller than the old front lens. More signifi- 
cantly, the front lens is nearly plano-convex and much thicker relative to its 
diameter, while the second lens no longer has the flexure-sensitive meniscus 
form and is also much thicker. The new corrector is therefore completely 
robust against flexure-induced astigmatic images. The chromatic correction 
is so much better, above all because of the design possibilities provided by 
the fourth lens (window), that a single corrector can operate over the whole 
spectral range from 320 nm to 1100 nm. The system delivers a final image 
of //3.02 and has an average optical quality with 80% energy concentration 
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Fig. 4.18. Spot-diagrams for the new Delabre prime focus (//3.0) corrector for the ESO 3.6 m telescope using 
two glasses, Schott FK5 and fused silica (1996) 
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within 0.4 arcsec in the range 330 nm to 1000 nm. The spot-diagrams of 
Fig. 4.18 may be compared with those shown in Fig. 4.14(b) for the origi- 
nal Wynne-type corrector, for which the field performance in the blue part 
of the spectrum is much inferior to the 1 arcsec specification. It should be 
emphasized that the new corrector, like its predecessor, only uses spherical 
surfaces. The circular field covered is marginally smaller, 0.9° diameter in- 
stead of 1.0°. However, this field size is solely determined by the detector: 
a larger field, at least 1°, would be perfectly feasible. The limitation in all 
prime focus correctors lies not with the monochromatic aberrations, but with 
the chromatic effects. A balance between the lateral chromatic aberration and 
the higher order chromatic aberrations of coma and astigmatism presents the 
usual limitation. 

Delabre has also designed a similar 4-lens PF-corrector for a 3.6 m tele- 
scope with a parabolic primary of //3.8 [4.76]. The lack of overcorrection 
of spherical aberration given by an RC primary is a disadvantage that is 
compensated by the lower relative aperture. The field covered is 1.4° cir- 
cular (1.0° by 1.0° square). Both the monochromatic performance and the 
chromatic performance are comparable with the system of Fig. 4.18. 

4.3.2 Secondary focus correctors using lenses 

4. 3. 2.1 Origins. Secondary focus correctors normally refer to Cassegrain 
foci but are, of course, also relevant to Gregory telescopes. The normal appli- 
cation is to Cassegrain foci, either in the classical form or in RC or quasi-RC 
form. 

Sampson’s first paper in 1913 [4.1] was the first proposal to be made for 
a corrector which was substantially afocal with a view to correcting field 
aberrations. Sampson’s design used an f/5 primary whose asphericity was 
allowed to vary to correct the spherical aberration, the final form being an 
ellipse close to the parabola. The Cassegrain secondary, which he called the 
“reverser” , was of a Mangin-type with a spherical back reflecting surface and 
weak negative lens effect. A spaced, nearly afocal doublet was then placed 
about 2/3 of the distance to the primary. Sampson calculated an image di- 
ameter, strictly circular, within 2.2 arcsec for a field diameter of 2°. The final 
f/ratio was f/14.05. 

In modern terms, Sampson’s design was effectively a Dall-Kirkham tele- 
scope with a Mangin secondary and afocal doublet corrector. (We recall from 
Chap. 3 that the Dall-Kirkham telescope with spherical secondary also has 
an elliptical primary fairly near the parabola). In this sense, it was not a 
corrector for a classical Cassegrain telescope, but a new - and remarkable - 
telescope design. His aim was similar to Schwarzschild’s telescope, but in a 
more practical form. 

Sampson’s work was followed in 1922 by the analysis of Violette [4.3], 
immediately succeeding the invention of the RC telescope and closely fol- 
lowing the approach of Chretien discussed in Chap. 3. Although Violette’s 
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point of departure was the RC telescope, his approach was, in fact, the same 
as Sampson’s in that he designed a complete system with a doublet cor- 
rector in which the forms of both mirrors were allowed to depart from the 
RC asphericities. His aim, then, was a telescope fulfilling all four conditions 
ESi^ESii = ESiii = ESiv^o. Since the RC system did not satisfy 
the last two, Violette’s corrector required finite negative power to correct 
the Petzval sum. He used two different glasses for achromatism, supposing 
thin lenses, and noted the inevitable secondary spectrum. He applied thin 
lens theory for the lenses and the Eikonal approach of Chretien (following 
Schwarzschild) for the mirrors. He noted a spare degree of freedom for limiting 
distortion. Another solution, following Sampson, to eliminate the secondary 
spectrum, was proposed for a Cassegrain with equal radii on the two mirrors, 
giving a mirror system with ^ Sjv = 0. This permitted an afocal doublet 
with a single glass. We have considered a Cassegrain with ^ Sjv = 0 in 
Chap. 3: its major disadvantage is the large obstruction ratio Ra for accept- 
able image positions. 

Surprisingly, the pioneer work of Sampson and Violette attracted little 
attention until Bowen [4.41] in 1961 proposed Cassegrain foci of the order of 
f/8 with f/3 primaries in order to have acceptable “speed” at the Cassegrain 
with photographic plates. This led to proposals for RC telescopes to extend 
the Cassegrain field and to corrector systems for further extension for various 
telescope forms. 



4. 3. 2. 2 Third order theory for classical Cassegrain and RC tele- 
scopes. We can apply the same thin lens theory to the Cassegrain (or sec- 
ondary focus in general) that we have applied above to the PF corrector case. 
Wynne [4.23] analysed the situation in a similar way already in 1949. While 
the same theory is applicable, there is an important difference. The PF case 
was dominated by considerations of spherical aberration and coma, arising 
from the appreciable relative aperture; astigmatism and field curvature of the 
primary only played a minor role. In the Cassegrain case, we have an oppo- 
site situation: since the relative aperture is weak and the telescope is often 
aplanatic or near to that state, the corrector’s role is dominated by astigma- 
tism and field curvature, above all because the field curvature concave to the 
incident light of the secondary is usually far stronger than the opposite field 
curvature of the primary. 

Let us consider first the general case of a Cassegrain telescope with cor- 
rection by a thin lens. Combining Eqs. (4.31), omitting asphericities, with 
Eqs. (4.47) for lenses and adding the field curvature condition from Table 3.5, 
we have: 
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ESl = -fC + L^+iSlUr 

J2SlI = -y -d,^+{SllUr+E{SlUr 



cor 



cor 



\ 



E Sill = r + (SlllUr + 2E{SllUr + E\Sl). 



cor 



> 



J2SlV = {Slv)Tel + {Slv)cor 



cor 



(4.64) 



As before, the quantities /' and L are defined as positive quantities in a 
Cassegrain telescope with normalization to /' = 1, while di is negative. The 
quantity E, expressing the position of the corrector relative to the stop at 
the primary, was given for an aspheric plate corrector by (4.34) as 



in which g is the distance from the Cassegrain focal plane, again defined as 
positive. Because E was originally defined by 



in which H is the Lagrange-Helmholtz Invariant, the power of a thin lens 
only changes the metric of the equations by a scaling factor of the focal 
length. Since this affects all linear quantities equally, this has no effect on the 
relations derived below. 

We can now consider the conditions under which all four aberrations of 
Eqs. (4.64) can be corrected. We note first of all that, while from (4.52) the 
expressions (S'/)l and {Su)l for a thin lens are relatively complex, those for 
(<5 ///)l and (Siv)l are very simple: 



where K]^ is the power of the lens and n' the refractive index of the glass. (It 
should be emphasized that these are the “central” aberrations arising if the 
stop is placed at the thin lens). Furthermore, from Table 3.5 




{Siii)l = H^Kl = /"Kl 



(4.65) 



in our normalized system; and 




(4.66) 




in which we have again 



from the normalization, giving 




(4.67) 
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We now apply (4.64), (4.65), (4.66) and (4.67) to the case of a classical 
Cassegrain telescope with a parabolic primary. Since Q and ^ are zero, the 
correction of all 4 aberrations requires 



ESi 


— (*^/)cor 


= 01 




= -y' + {Sn)cor 


= 0 




= / ^ ^ ^ + {SlIl)cor + ‘2E{Sll)cor 


= 0 


^iv 


= {Slv)Tel + {Slv)cor 


= 0. 



(4.68) 



This gives from = Su = 0 

iSlIl)cor = -f(^^^^^-Ef', 

and, substituting for E from (4.34) 

f 

{SlIl)cor = 

9 

From (4.65), if the corrector is a single lens 
(Sjjj)cor = / Kl , 



(4.69) 



giving 

Kl = -~ (4.70) 

9 

for the condition for correction of astigmatism in a classical Cassegrain. For 
the correction of field curvature, (4.66), (4.67) and (4.68) give 



Kl = -n' 



m 2 


f m 2 + l\ 


[f 


1 L )\ 



(4.71) 



Combining (4.70) and (4.71) gives the condition for correcting all four aber- 
rations in a classical Cassegrain with such a single thin lens: 



m2 


f m2 + i\ 


[r 


1 L )\ 



(4.72) 



This assumes, of course, that it is possible for the lens to contribute {Sj)cor — 0 
and {Sii)cor = \f from (4.68). In fact, it is normally not possible, as was 
recognised in 1949 by Wynne [4.23] - we shall return to this point later. 
Consider first the condition (4.72). If we take g = f'l35, as assumed above for 
an aspheric plate corrector, and the values f — +1, m 2 = —4 and L — -1-0.225 
from Table 3.2, then (4.72) gives 



/ 



35 

9.333 



3.75 , 



n 
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impossible in practice. This result means that the correction of astigma- 
tism requires a lens which, with a real glass with n' ^ 1.5 and in this po- 
sition, would over-compensate the field curvature. Of the other conditions, 
{Sii)cor = can be met by suitable bending from (4.52); but {Si)cor = 0 
cannot be formally met ii K ^ 0, which is in conflict with the held curvature 
condition. However, the axial beam width is sufficiently small, with small 
(/-values, that the residual {Si)cor may be acceptable. 

The same formulation applies to any lens corrector which is “thin”, what- 
ever the number of lenses involved. In particular, it applies to a “thin” dou- 
blet, substantially afocal except for the balance of power to correct the field 
curvature, if a single glass is used. This is clear if we write for the doublet 
from (4.65) and (4.66) 



{SlIl)cor = r\KLl+KL2) \ 



(4.73) 



which lead to the same equation (4.72). However, the doublet will permit 
the formal correction of {Si)cor = 0 and {Su)cor = \ f because of its extra 
degrees of freedom. But the limitation of (4.72) remains. It can be met by 
shifting the corrector about 2 1 times further from the image to give f'/g ^ 14. 
This is, in principle, possible for a doublet (though it may cause problems in 
practice), but would lead to problems of spherical aberration with a singlet 
lens. There are also chromatic aberrations which we shall deal with later. 

There are two other ways we may relax the situation: by introducing 
glasses with different refractive indices n' for the basic wavelength (different 
dispersions will help us with the chromatic conditions anyway, but at the cost 
of secondary spectrum); and by departing from the classical Cassegrain form 
with one or both of the mirrors. 

Consider first 2 different glasses in a doublet corrector. Eqs. (4.73) become 

{SlIl)cor = f'\KLl+KL2) 

{SivUr = + , 



giving with (4.67) 



Kli 




+ Ki, 2 — —n-2 



’m 2 


/m 2 -t- IV 


[/' 


V L )\ 



(4.74) 



as the condition for = 0- This relaxes the requirement of (4.72), as 

will be shown in detail in the more important application to RC telescopes, 
below. The different dispersions in a “thin” system also permit the correction 
of both chromatic aberrations Ci and C 2 , at the cost of secondary spectrum. 

The other possibility, to allow a variation of the aspheric constants on 
the mirrors, leads to a quasi- classical Cassegrain. Suppose this mirror system 
still corrects (^ Si)Tei = 0, but introduces changes of coma ASn and astig- 
matism ASiii which will be functions of (The corrector must be capable 
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of producing {Si)cor = 0, which is possible with a doublet; with a singlet 
near the image the value would not be zero but would be small). Then (4.68) 
becomes with a “thin” corrector: 



= {Sl)cor = 0 
= —^f' + ^SlI + {Sll)cor 

— ^ + ASlII + {Sni)cor + ‘^E{Sll)cor 

Siv = {Slv)Tel + (Siv) cor ) 



ESiii = 



(4.75) 



The equivalent condition of (4.72) is then 



1 

9 



(2EASii - ASiii 

I r 




/ 7712 + 1 



(4.76) 



We will suppose that ASju is small compared with 2EASjj. Setting E 
f/g from (4.34), Eq. (4.76) can be written approximately as 



1 lf2ASn\ ,\m.2 fm2 + l\ 

9 9\ f' "" if \ L ) 

With the values used above and n' — 1.5, this gives 



(4.77) 



ASii Ri +0.300/' 



for the same value f'/g = 35 postulated before. This is an important result. 
It shows that a change of the mirror aspherics to correct about 60% of the 
coma of the classical Cassegrain completely liberates the condition for cor- 
recting Sill — Y Siv = 0 of (4.72) by adding the term in ASu appearing 
in (4.76) and (4.77). This is very sensitive because E Ri f'/g is a huge mul- 
tiplier of its effect - an illustration of the see-saw diagram interpretation of 
Eqs. (4.75) due to Burch [4.10]. If ASu is a free parameter, the position g 
becomes completely uncritical. 

Let us consider now the other most important case, the strict RC tele- 
scope. Here (YSi)Tei = (YSiihei = 0, while {YSin)Tei is given by 
Eq. (3.119). Eqs. (4.64) can then be written for the correction of all four 
aberrations 
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— (*^/)cor 


= O^I 


Y Sii 


— (*5*//)cor 
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Y Siv 


= {Slv)Tel + {Slv)cor 
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(4.78) 



Proceeding as before, the condition Y Sill = Y Siv = 0 is then simply 

f f + ^ \ _ I \'rn2 f m2 -\-l\ 

f'L ) [f [ L )_ 



(4.79) 
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for the case of a “thin” corrector of one or more elements of the same glass. It 
is important to note that the stop-related quantity E is absent in (4.78) and 
(4.79) because both {Si)cor and {Su)cor are zero. The values of Table 3.2, as 
used above, lead to 

n' = -h0.430 



as the requirement for fulfilling this condition for the optical geometry of 
Table 3.2. This value of n' is physically impossible. It is the opposite situation 
from what we had with Eq. (4.72) for the classical Cassegrain with f'/g — 35. 
Now, the compensation of the astigmatism of the telescope alone, without a 
stop-induced supplement from a coma term, requires a corrector whose power 
is too weak to compensate the field curvature. A real solution can only exist 
for lower magnifications m 2 than the value —4 assumed: but this is not the 
modern trend. In the classical Cassegrain case of Eq. (4.72), a solution exists 
if g is increased; but in the RC case Eq. (4.79) is independent of g. 

We now consider in detail the advantage of a 2-glass solution for a thin 
doublet corrector of a strict RC telescope. The astigmatism condition can be 
written 



Kli + Kl2 = 




(4.80) 



from (4.73) and (4.78), while the field curvature condition is the same as for 
the Cassegrain, given in (4.74) as 



Kli 




+ — ~ri2 
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Subtracting (4.80) from (4.81) gives 



Kli 





m 2 -I- 1 




Using again the values of Table 3.2 and setting 



(4.81) 



(4.82) 



n '2 — 1.65 , n'l — 1.50 



in (4.82) leads to 



Kli = -113.86 



and from (4.80) 

Kl2 = +109.85 

The difference of about 4% in the powers gives the required astigmatism 
while the absolute values combined with the refractive indices give the re- 
quired Petzval sum from (4.81). (By contrast, with a single glass, the powers 
Kli and Kl 2 could be freely chosen to correct {Si)cor — {Sii)cor = 0, only 
the sum being important for {Sju)cor or {Siv)cor^ correction of both being 
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impossible with one glass from (4.79) for a compact system). Although the 
above individual powers seem high, it must be remembered they are normal- 
ized to /' = 1 and are of a feasible order of magnitude for relatively small 
lenses near the Cassegrain image correcting field of the order of 1° or less in 
diameter. 

Equation (4.82) demonstrates the important advantage of 2-glass doublet 
solutions in thin correctors for strict RC telescopes. We shall give examples 
confirming this. For a “thin” system, both chromatic conditions C\ and C 2 
can be fulfilled, an important advantage in view of the residual negative power 
required for the correction of astigmatism and field curvature. But we shall 
see the effects of secondary spectrum in C 2 become significant. 

As in the case of the classical Cassegrain, a powerful means of relaxing 
the condition (4.79) for a thin corrector of one glass type is to vary the as- 
pheric constants on the mirrors to produce a quasi-RC telescope. As in the 
quasi-classical Cassegrain case above, we will assume a solution of the 2- 
mirror system giving {Sj)Tei = 0) but introducing finite changes of coma and 
astigmatism of ASn and ASm which will be functions of ^ from (4.64). By 
analogy with (4.75), we have: 



X) 5/ = {Si)cor 

X) Su = ASii + {Sii)cor 

= f + ASju {Siii)cor +‘^E{Sii)c 

^iv = {Slv)Tel + {Slv)cor 



= O' 
= 0 

> 

= 0 
= 0. 



The first three conditions give 

+ AS, 
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(4.83) 

(4.84) 



Assume, as before, that ASm ^ 2E ASn and that E k, f'/g — 35. Then 
(4.84) leads, when combined with the ^ Siv = 0 condition from (4.71), to 
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(4.85) 



in which the second term on the left has been added compared with (4.79) for 
the strict RC. Setting the same values from Table 3.2 as before with n' = 1.5 
gives 



ASn « -0.143/' , 



which should be compared with the equivalent result of ASn ~ +0.300/' 
from (4.77) for the quasi-classical Cassegrain. Bearing in mind that the clas- 
sical Cassegrain has (^ Sn)Tei — —0.5/', we see that, within our rough 
approximations, the two solutions are about the same, being (from the point 
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of view of coma) about one third of the way from the RC back to the classi- 
cal Cassegrain. This, then, is the optimum amount of coma from a 2-mirror 
telescope to favour a thin one-glass corrector with E « 35. Practical designs 
will confirm this advantage. 

Implicitly, the theory of Violette [4.3] contains both the above relaxation 
possibilities (2 different glasses and variation of the asphericities of the mir- 
rors), although Violette introduced two glasses for reasons of achromatism. 
It was thus a very far-sighted analysis. He recognised, too, that he had more 
variables than necessary and proposed a corrector form minimising a further 
condition, distortion. 

Up to now, we have considered solutions with a “thin” corrector in the 
sense that all its surfaces have effectively the same value of E. We must now 
consider the possibility of separated lenses, in particular a separated doublet. 
We will consider the case of a strict RC with two separated corrector lenses 
of the same glass. (An equivalent formulation and conclusion applies to the 
case of a classical Cassegrain). Then Eqs. (4.78) become: 
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Sill 



Siv 



{Si)li + {Si)l2 = o' 

(5'//)li + (5'//)l2 = 0 

f ^ ^ ^ + {Siii)li + {Siii)l2 > 

+2E,{Sjj)li + 2E2{Su)l2 + EI[Si)li + S|(^/)l2 = 0 

(Slv)Tel + {Slv)cor = 0 ^ 

(4.86) 



Reduction as before leads to the condition for ^ Sm = ^ Sjv = 0: 
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(4.87) 



in which two additional terms appear compared with the case of a “thin” 
corrector represented by (4.79). Since Ei and E 2 are large, we will again 
assume the approximation that the contribution (S/)ii to ^ S/ is negligible 
and ignore this term. Assume, as before, E 2 = 35 and that Ei — 20 giving 
{E 2 — El) — 15. Substitution of the values of Table 3.2 as before then gives 
for n' — 1.5: 



{Sii)li - -0.333/' 
{Sii)l2 - +0.333/' 



So, separation of the elements of a doublet of a single glass also converts 
( 4 . 79 ) into a form with a real solution for a strict RC telescope. However, 
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we must remember the law, first pointed out by Ross in connection with 
field correctors, that a separated doublet of a single glass cannot correct both 
chromatic conditions C\ and C 2 , even if they are afocal. In this case, they 
are not afocal so chromatism is anyway present with one glass. 

The above theory can readily be extended to a corrector consisting of 
three separated thin lenses. By analogy with the 3-aspheric plate theory of 
§ 4.2.2, a solution of the three conditions Su = ^ Sm = 0 

must also exist with thin lenses. Because of the greater parametric freedom 
of lenses (power and bending), ^ 5/y = 0 can also be corrected. This applies 
to both strict RC and classical Cassegrain telescopes. The third lens resolves, 
in principle, the conflict between ^ S'/ and ^ Sii correction which exists 
for classical Cassegrain telescopes. But, as with plates, high individual lens 
powers may emerge from the solution which may lead, in practical cases, to 
limitations of higher order aberrations. Aspheric surfaces may help here, as 
indicated by Paul [4.4] or Wynne [4.23]. 



4. 3. 2. 3 Summary of the results of the above theory. As Wynne [4.5] 
has pointed out, thin lens theory becomes less accurate for elements close 
to the image. Nevertheless, the above theory reveals clearly by Eq. (4.79) 
that, for a strict RC, a “thin” corrector of a single glass cannot provide a 
solution of all four conditions for a real glass, irrespective of the number of 
elements. For such a strict RC telescope, a real monochromatic solution can 
be achieved at once for 4 conditions by one of the following devices, using a 
doublet corrector: 

a) Maintain the strict RC form and introduce 2 different glasses into a thin 
doublet corrector with as large a difference of refractive index as reason- 
able. The chromatic aberrations can then also be corrected at the cost of 
secondary spectrum. 

b) Establish a quasi- RC form of the 2-mirror system to deliver some coma 
to the thin doublet corrector consisting of one glass. Some chromatic 
aberration is inevitable but there is no secondary spectrum. This solution 
also applies to singlet lens correctors. 

c) Maintain the strict RC form and the single glass doublet but introduce a 
finite separation between the lenses. With the single glass, the chromatic 
residuals will tend to be worse. 

Of course, combinations of (a) and (b), or (a) and (c) are also possible. The 
former was the solution chosen by Violette [4.3]. 

The situation for a classical Cassegrain corrector is similar for the above 
relaxation possibilities. However, there is an important difference. A solution 
is theoretically possible for a thin, single glass doublet if the distance g from 
the image is chosen to give a feasible refractive index according to (4.72). 
But for modern values of m 2 , this may be an unacceptably large value of 
g. Furthermore, as has been mentioned above and shown by Wynne [4.23] 
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[4.42], the bending of the doublet elements to produce the coma correction 
normally introduces too much spherical aberration. These problems can be 
resolved by using three separated lenses. 



4. 3. 2. 4 Third order theory for Cassegrain telescopes without cor- 
rection of Si)Tei- In the above theory, we have considered normal 
Cassegrain telescopes delivering an image from the 2-mirror system corrected 
for spherical aberration, i.e. (X] Sj)Tei = 0 or acceptably small. This also en- 
ables the mirror system to work without corrector. It will always be the case 
if a corrector is added to an existing telescope. 

If a telescope is designed always to work with the corrector, this restriction 
is not necessary, giving the following general formulation for a thin, single- 
glass doublet corrector: 



TSi 
S ^ii 

S Siv 



{Sl)Tel + {Sl)cor = O'* 

{Sll)Tel + (Sii) cor + E(Sj) 

cor 0 I 

{SlIl)Tel + {Sill) cor + 2E{Sii) cor + E\Si) 

cor 0 I 

[Slv)Tel + {Slv)cor ~ Oj 



(4.88) 



Here {Su)Tei will include a stop-shift term in {Si)tcI, and {Sui)Tei includes 
stop-shift terms in {Su)Tei and {Si)Tei- The required corrector aberrations 
are 



{S[)cor {Sj)Tel 

{Sll)cor = — [{Sll)Tel + E{Sl)cor] 

{SlIl)cor = - [{Sin)Tel + 2E{Sn),or + E^{Sl),or] = f {Kli + K L 2 ) 

(4.89) 

{Si)Teh {Sii)Tei and {Siii)Tei are given from the defined values of C and ^ 
from Table 3.5. Then, as before, the requirement for = 0 

gives 
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(4.90) 



Equation (4.90) and the first two equations of (4.89) can give a real solution 
for a thin doublet in certain circumstances. The most interesting example 
is the proposal of Rosin [4.43], based on work by Wynne [4.23], to use a 
parabolic primary with a spherical secondary of the same radius and an 
afocal, single-glass doublet. Essentially the same system was proposed later 
by Harmer and Wynne [4.44]. We shall consider the results of this design in 
the next section. 
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4. 3. 2. 5 Practical examples of secondary focus correctors 
using lenses 

Field flatteners: A negative lens placed close to the image can flatten the 
field of an RC telescope in an optimum way for the mean astigmatic field 
curvature 25'/// + 5/y. This solution achieves essentially the same result as 
bending a photographic plate except for small chromatic differences of C 2 . 
Wynne [4.14] gives the gain for a curved photographic plate for typical RC 
telescopes: for a 3.5 m, f/3-f/8 RC, the semi-field for 0.5 arcsec image spread 
is increased by bending the plate optimally from 9.2 arcmin to 13.0 arcmin. 

Single lens correctors: In spite of the inevitable chromatic aberrations, 
such simple correctors can be considered in certain circumstances. Kohler 
[4.12] [4.13] noted that the negative field-flattening lens of the RC telescope 
can also correct the astigmatism if it is shifted from the image and the as- 
pheric constants of the mirror system are changed to compensate the coma 
inevitably introduced by the lens. This is a good practical example of the 
relaxation (b) in §4. 3. 2. 3. The properties of this corrector, which was man- 
ufactured for the ESO 3.6 m quasi-RC telescope and determined the forms 
of the mirrors, were discussed by Wilson [4.15]. Figure 4.19 reproduces spot- 
diagrams given for the best focus of the mean wavelength (546 nm) over a 
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Fig. 4.19. Spot-diagrams for the singlet lens corrector of the ESO 3.6 m 
quasi-RC telescope (after Wilson [4.15]). Circle 0.18 arcsec 
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field of ± 0.25°. The monochromatic correction, as predicted by the third 
order theory above, is very good, within 0.18 arcsec at the field edge. The 
uncorrected C\ is modest over a wide spectral band and can be refocused. 
With optimum focus, the higher order chromatic aberrations are also quite 
modest. However, the great weakness is the uncorrected C 2 , the lateral chro- 
matic aberration, which amounts to about 2 arcsec over the whole wavelength 
band 365 nm-1014 nm. The corrector must therefore be used over relatively 
narrow spectral bands, which also allows optimum focus. One advantage of 
this corrector is the reduction of ghost images compared with doublet cor- 
rectors. Another is that its contribution to XI is sufficiently low that the 
telescope can be used without the corrector, although it has some field coma 
as a quasi-HC system. 

The aspheric plate plus field-flattener corrector of Fig. 4.6, as discussed 
by Schulte [4.17], is much superior in performance, but much more expensive 
to make. 

Another possible single lens solution was mentioned by Wilson [4.45]. It is 
well known that a meniscus lens, roughly concentric to the image and placed 
near the image plane, will strongly affect astigmatism without much affecting 
the aperture aberrations X X If if® thickness is finite, it can also 

correct the field curvature. Because of an inevitable coma contribution, a 
modification of the mirror constants is also required here. On account of 
the thickness and bending, the chromatic aberrations are worse than in the 
thin Kohler singlet above. However, in an achromatised doublet form, the 
meniscus concept has been applied successfully by Rosin - see next section. 

Two- and three-lens correctors for quasi- classical Cassegrain telescopes: 
In his pioneer paper of 1949, Wynne [4.23] investigated correctors for classical 
Cassegrain telescopes. Because of the problems referred to in §§ 4. 3. 2. 2 and 
4. 3. 2. 3, he concluded that a modification of the asphericity of the secondary 
mirror was essential for the correction of spherical aberration. The problem 
of field curvature was solved by giving the secondary the same curvature as 
the primary - a solution which has only limited use, in practice, because 
of obstruction. This allowed an afocal doublet corrector of a single glass. 
For two examples given, the figuring on the secondary was 63% and 15%, 
respectively, of the classical hyperboloid for a doublet of diameter | that of 
the primary. Of course, the mirror system without corrector is not corrected 
for spherical aberration. This design principle corresponds to the relaxation 
(b) of §4.3.2. 3. 

Wynne [4.23] mentions the possibility of making the secondary spherical, 
but does not give an example. Rosin [4.43] was the first to apply this to a 
finished design. He followed Wynne’s proposal of eliminating field curvature 
by using equal radii on primary and secondary, which leads to either high 
obstruction or unacceptable image position in most cases. 

Harmer and Wynne [4.44] published a similar design with a spherical sec- 
ondary, suggesting its greatest interest would be for modest-sized telescopes 
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with fields up to 1.5° diameter. The corrector is a nearly afocal doublet in 
UBK7 glass. Spot-diagrams are shown for two designs, one with the posi- 
tive lens leading and one with the negative lens leading. They are effectively 
within 0.5 arcsec for the whole field of ±0.75° and for most of the spectral 
range from 365-852 nm. 

Wynne [4.42] has also given a more general treatment of the possibilities of 
doublet correctors in classical Cassegrain telescopes or for parabolic primaries 
with changed secondary asphericity. He also mentions [4.23] corrector designs 
for classical Cassegrain telescopes with 3 separated lenses, corresponding to 
the relaxation principle (c) of §4. 3. 2. 3. He points out that this can lead to 
problems of high individual powers - exactly the same problem as occurs 
with 3 aspheric plates, as discussed in § 4.2. 

In general, 2-lens correctors will give good solutions for strict classical 
Cassegrain (or quasi-classical Cassegrain) telescopes with residual field cur- 
vature if one or more of the relaxation principles of §4. 3. 2. 3 is applied, de- 
pending on field, m 2 and the relative aperture of the primary. If the latter is 
very steep then the relative aperture of the secondary focus is also apprecia- 
ble, even with a fairly large m 2 . 

Such extreme systems have been investigated by Epps et al. [4.36]. A 
strict classical Cassegrain with f/2.0 to f/5.28 has been taken as the basis for 
the calculation of a 3-lens corrector giving a final f/ratio of f/6.00. The lenses 
are of a single glass, both in this and similar designs and have an aspheric on 
the two rear lenses. All such designs (Fig. 4.20) have an ADC (atmospheric 
dispersion corrector) built in. In a later paper [4.46], Epps indicates the use 
of fused silica for the lenses for a similar design intended for the MMT con- 
version. The choice of the glass is uncritical for single-glass designs. Figure 
4.21 reproduces the spot-diagrams for the design of Fig. 4.20. 




Fig. 4.20. Three-element corrector for an f/2.00 to f/5.28 classical Cassegrain de- 
signed by Epps et al. [4.36] for a 300-inch telescope, giving f/6.00 with the corrector 
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Fig. 4.21. Spot-diagrams for the design of Fig. 4.20 for a field of 1° diameter 
(Epps et al. [4.36]) 
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Fig. 4.22. Spot-diagrams for the 2.2 m MPIA telescope as quasi-RC using a 2-lens corrector of one glass (quartz) (after Wilson 
[4.15]). Circle 0.47 arcsec 
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Fig. 4.23. Spot-diagrams for the 2.2 m MPIA telescope as strict RC using a 2-lens corrector of 2 different glasses (PK50 and BaFs) 
(after Wilson [4.15]) Circle 0.48 arcsec 
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In [4.36] and [4.46], a large number of such designs are investigated for 
different f/ratios. Further such studies have been made for the Magellan 315- 
inch, f/1.20 parabolic primary [4.47] using all spherical surfaces and delivering 
a mildly curved field. Epps [4.48] has even applied such designs to a 256-inch, 
f/1.00 to f/3.962 naked classical Cassegrain to give f/4.50. 

Lens correctors for RC and quasi-RC telescopes: Many designs have been 
published. Wynne [4.24] gave a design for the Kitt Peak 150-inch RC tele- 
scope. It consists of two separated lenses agreeing with the relaxation prin- 
ciple (c) of §4. 3. 2. 3. The field given was ± 15 arcmin, with correction within 
0.2 arcsec. Later, Wynne [4.14] gave a similar design for a field of ±25 arc- 
min, the spot-diagrams somewhat exceeding 0.5 arcsec. Wilson [4.15] gives 
comparisons of a number of designs showing the advantage of relaxation 
with the principles of §4. 3. 2. 3. These become rapidly more significant as the 
field increases towards ±30 arcmin or beyond. Figs. 4.22 and 4.23 repro- 
duce examples of designs for the 2.2 m MPIA telescopes. Out to a field of 
±32.5 arcmin, the monochromatic spot-diagrams are within 0.1 arcsec. The 
chromatic spread is within 0.3 arcsec over the whole field and spectral range 
(365-1014 nm) in the first case, and even substantially better in the second 
case apart from secondary spectrum effects of lateral chromatic aberration 
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Fig. 4.24. Spot-diagrams for a doublet corrector using a single glass designed by 
Su, Zhou and Yu [4.51] for the Chinese 2.16 m, strict RC telescope with f/3 to f/9 
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LLFl two-glass corrector in which all spot-diagrams are within 0.1 arcsec, the 
only significant errors being the secondary spectrum of C 2 which amounts to 
0.57 arcsec for the edge of the field and extreme wavelength 1014 nm. The 
effect of this aberration depends, of course, on the bandpass of the filters. 

Refsdal [4.49] gave a design for a quasi-KG telescope using a doublet 
of fused silica with one aspheric giving very good correction over a field of 
±45 arcmin. An elegant design by Rosin [4.50] used two glasses (K3 and 
SK16) in a meniscus form with surfaces either concentric to the image or 
using the “aplanatic condition” (A (^) = 0 in Eqs. (3.20)). This is a pow- 
erful extension of the singlet, thick meniscus design mentioned above, using 
relaxation principle (a) of §4. 3. 2. 3. 

For a strict RC telescope, the best design of a doublet corrector of a single 
glass has been given by Su, Zhou and Yu [4.51] for the Chinese 2.16 m RC 
telescope, f/3 to f/9. Using a corrector consisting of 2 fused quartz lenses with 
quite large separation (about 20 cm for diameters of 32.6 and 30.1 cm), they 
attained the performance shown in Fig. 4.24 for a field of ±26.5 arcmin. This 
shows the power of the relaxation principle (c) of § 4. 3. 2. 3 (separation of the 
elements) . The spot-diagrams over the whole field and wavelength range from 
365 to 1400 nm are within 0.32 arcsec. The lens separation produces small 
lateral chromatic aberration (C 2 ) effects which are well balanced between the 
orders. 

This design, originally carried out in 1974, sets the standard for normal 
RC correctors. 

Finally, reference must be made to a large number of designs by Epps 
and collaborators for RC systems. For example, Epps et al. [4.36] give several 
designs for hyperbolic primaries with small departures from the paraboloid 
typical of modern RC telescopes with high m 2 . These are 3- lens designs which, 
as one would expect, are similar in appearance to that of Fig. 4.20 for a 
parabolic primary. They also use 2 aspherics and give similar performance to 
the spot-diagrams of Fig. 4.21. Another example using a much more eccentric 
primary (5si = —1.1523) gives an improvement of a factor of about 2 in the 
spot-diagrams over the whole field of ± 30 arcmin, as shown in Fig. 4.25, 
also designed for a 300-inch telescope. The improvement due to the higher 
eccentricity is another example of the gain through relaxation (b) of § 4. 3. 2. 3. 
Further examples are given by Epps [4.47] for the Magellan and Columbus 
project designs. Since the primaries are very close to paraboloids, the designs 
are based on the paraboloid although the Columbus project envisaged an RC 
telescope. Since m 2 = —12.5 (f/1.20 to f/15), the departure from the classical 
Cassegrain is small. As with his PE designs, Epps also presents designs with 
reduced non-telecentricity for use with fibre-optics spectrographs. Typical 
errors of non-telecentricity are of the order of 1° - 2°. 
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Fig. 4.25. Spot-diagrams for a three-element corrector designed by Epps 
et al. [4.36] for an f/1.80 - f/4.50 Cassegrain system using a significantly 
hyperbolic primary (6gi = —1.152 310 5) 
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4.4 Atmospheric Dispersion Correctors (ADC) 



We have referred above to the Epps designs [4.36] of sophisticated correctors 
including ADC. All of these included two plane-parallel plates, incorporated 
into each corrector, to provide material for later design of a pair of counter- 
rotating zero-deviation prisms serving as an ADC. No further information 
was given about their nature, but they were considered from an optical design 
viewpoint as plane-parallel plates. The glasses given were FK5 and LLF2. 

The use of prisms for ADC is, according to Wallner and Wetherell [4.52], 
a concept that goes back to Airy [4.53] and was often used for special ob- 
servational situations. But systematic analysis for general purpose correction 
has only recently been carried out. 

The classical formula for atmospheric refraction, due to Comstock, is 
quoted in older books, e.g. Russell et al. [4.54]. In modern units it can be 
written as 



4>ref = (16.114)- tSLiiZ arcsec 



(4.91) 



where Z is the zenith distance, b the barometric pressure in mbar, t the 
absolute temperature in °K and 4>ref the mean refraction deviation in arcsec. 
This formula is based on a model treating the atmosphere as successive layers 
of uniform density and ignoring the curvature of the Earth. It is easily proven 
[4.55] that, to this approximation, the general form of (4.91) is 



(j)ref — {na — 1) tan Z rad , 



(4.92) 



where ria is the effective refractive index of the atmosphere and is a function 
primarily of b, t and A, the wavelength. If the curvature of the Earth is taken 
into account, it was shown by Cassini [4.55] that the more accurate form is 



4^ref — ij^a 



1 ) 




tan Z — 



h q „ 

— tan^ Z 

R 



rad , 



(4.93) 



in which h is the height of the equivalent homogeneous atmosphere and R 
the radius of the Earth. Since is a small quantity, the term in tan^ Z can 
be ignored unless tanZ :$> 1. For ADC purposes^, Eqs. (4.91) and (4.92) are 
sufficient, so that 

(206 265)(ria - 1) = (16.114)^ , 

giving (ua — l) = 0.000 289 8 ifb= 1013.25 mbar (760 Torr) and t — 273.15°if 
(0°(7). The more accurate formula of Cassini would give a value for (ria — 1) 
nearer to the measured value of the atmosphere for the visual sensitivity 
maximum at about 550 nm, i.e. {ria — 1) — 0.000 293 3. Values as given by 
von Hoerner and Schaifers [4.56] are reproduced in Table 4.1. 

® A more general treatment of atmospheric refraction and dispersion is given in 
RTO II, Chap. 5. 
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Table 4.1. Refractive index values Ua as a function of wavelength A, taken from 
von Hoerner and Schaifers [4.56], for 760 Torr and 0°C 



A (nm) 


280 


300 


400 


500 


600 


700 


800 


(n, - 1)10^ 


0.3111 


0.3077 


0.2984 


0.2944 


0.2923 


0.2910 


0.2902 



The above simple, approximate theory of atmospheric refraction is quite 
adequate for ADC systems because the match of real glasses to the atmo- 
spheric dispersion function is anyway only a rough approximation. 

From (4.92), it follows immediately that the approximate formula for 
atmospheric dispersion for the wavelength range Uai to ria 2 is 

5<f>refl,2 ^ (4.94) 

V '^a ^ J 

For the same conditions, we can calculate the approximate value of 4>ref from 
(4.91). Z — 70° gives (pref = 164.2 arcsec. For the range 300-800 nm, (4.94) 
gives with (jia — 1) = 0.000 289 8 as the effective value from (4.91) and (4.92) 
and the dispersion from Table 4.1 

{S(f)ref)z=7o° = 9.92 arcsec 

The corresponding values for Z = 45° are (pref = 59.8 arcsec and 

{S(pref)z=45° = 3.61 arcscc 

For a more modest range 400-800 nm, the equivalent dispersions are 4-65 arc- 
sec and 1.69 arcsec. These values reveal how serious atmospheric dispersion 
is compared with modern image requirements of 0.5 arcsec or better, and the 
need for effective ADC. 

Wallner and Wetherell [4.52] point out the practical value of zero- deviation 
solutions to avoid vignetting and pointing changes and suggest a Risley vari- 
able dispersion prism solution based on two zero-deviation prisms, each deliv- 
ering finite dispersion from two different glasses, which are mutually rotated 
against each other to vary the dispersion and compensate the atmospheric 
dispersion for different values of Z. In fact, Wallner and Wetherell were not 
concerned with the general case of correcting a telescope image, but rather 
with the special case of speckle cameras. Such systems had already been de- 
scribed for this purpose by Beddoes et al. [4.57] and Breckenridge et al. [4.58]. 
It is possible for speckle purposes to mount the ADC in a parallel or nearly 
parallel beam, when prisms introduce no aberrations. The basic principles of 
ADC for a normal Cassegrain telescope, with a converging beam, were laid 
down in an admirable paper by Wynne [4.59]. 

Wallner and Wetherell investigated in detail the possibilities of glass pairs 
matching as closely as possible the dispersion - wavelength function of the at- 
mosphere. Their aim was to achieve, for speckle purposes, diffraction limited 
ADC performance over a wide spectral band (350-1300 nm) for apertures up 
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to 25 m! They achieve this for the Schott glass pairs LaF24/KF9 and (better) 
LaKN14/Kll. The former pair gives serious absorption problems. 

Wynne [4.59] demonstrates that the above approach has little relevance 
to the general problem of ADC at the Cassegrain focus. The converging beam 
will produce well-known aberrations due to the prism pairs as plane-parallel 
plates (see § 3. 6. 2. 3 and references [3.3] and [3.6] of Chap. 3) and other, more 
complex decentering aberrations if the surfaces are not normal to the tele- 
scope axis. If the individual prisms have the same refractive index for the 
central wavelength, then the zero-deviation requirement will give identical 
angles for the unit prisms and each prism pair will be, monochromatically, 
simply a plane-parallel plate perpendicular to the axis. Two such pairs in op- 






V 




Fig. 4.26. Dispersion 
variation by opposite 
rotation of two prism 
pairs 



posite directions will produce a zero resultant dispersion vector. If the pairs 
are rotated through an angle ±a in opposite directions about the telescope 
axis, the resultant vectors increase giving a maximum with rotations of ± 90° 
(Fig. 4.26). The effect is a vertical dispersion vector, variable between 0 and 
2V where V is the dispersion of an individual pair. The necessary direction 
of the resultant vector will depend on the mount and attitude of the tele- 
scope and is achieved by a supplementary rotation of the entire unit. Two 
air-glass surfaces can effectively be economised by using an optical immersion 
oil between the pairs, as used by Breckenridge et al. [4.58]. The dispersions of 
the two glasses should be as different as possible to reduce the prism angles, 
since the inclined faces still produce chromatic variations of aberrations for 
wavelengths away from the central wavelength. Similarly, the ADC should 
be as far from the image as possible since this distance is the lever arm for 
it to produce transverse compensating dispersion: the necessary prism angles 
reduce linearly with this focal distance. However, a greater focal distance in- 
creases the size and hence the necessary thickness of the prisms: their effect 
as plane-parallel plates increases. Wynne [4.59] points out that the longitu- 
dinal chromatic aberration C\ is by far the most serious effect and that this 
can be entirely removed by arranging that the glasses in oiled contact have 
different dispersions and that the contact surfaces be given a slight curvature 
instead of being plane. 

Wynne gives preliminary results for such an ADC for the William Her- 
schel 4.2 m telescope (f/11)- The (Schott) glasses chosen were UBK7 and 
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LLF6 to give maximmn dispersion difference with adequate transmission. 
The ADC was placed 2 m from the focus. Correction up to Z = 71.6°, giv- 
ing an uncorrected lateral chromatic aberration of 5.8 arcsec between 340 
and 800 nm, required prism angles of 1.506° and 1.454°. With single prism 
elements of central thickness 17 mm the contact surfaces had a radius of 
curvature of 50 m to correct Ci. The residual aberrations over the whole 
spectral range are negligible, less than 0.05 arcsec, in the field centre, with 
very small changes over a field of 3.7 arcmin diameter. The limitation to op- 
tical quality is due to mismatch of the dispersion relative to the atmosphere, 
the problem considered by Wallner and Wetherell [4.52]. This amounts to 
about 7% of the atmospheric dispersion, i.e. about 0.4 arcsec for this spectral 
range at Z = 71.6°. This limitation is fundamental, unless the requirement of 
roughly equal central refractive indices is abandoned, as the work of Wallner 
and Wetherell showed, or more exotic materials are used (Fig. 4.27). Their 
preferred glass pairs had a very large index difference of about 0.2. It should 
be noted that tan 71.6° = 3. From (4.92) it follows that this 7% dispersion 
discrepancy reduces to only about 0.14 arcsec at = 45°. 




Fig. 4.27. Performance of the ADC designed by Wynne and Worswick for the 
William Herschel 4.2 m telescope with Z = 70°. Curve A shows the uncorrected at- 
mospheric dispersion; curve B the correction achieved with the glasses used (UBK7 
and LLF6); curve C what could be achieved with FK50 and Calcium Fluoride. 
(After Wynne and Worswick [4.60]) 
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In a later paper, Wynne and Worswick [4.60] give the complete aberra- 
tion theory of such ADC for the Cassegrain focus, also spot-diagrams of the 
precise performance of the ADC (within 0.1 arcsec) for the 4.2 m telescope. 
Figure 4.27, reproduced from their paper, shows the correction relative to 
the uncorrected atmospheric dispersion at = 70° from 365-1014 nm. 

As an independent Cassegrain ADC, the designs of Wynne and Worswick 
[4.60] appear to be the definitive solution. Their aberration analysis shows, 
moreover, that such simple systems are impracticable for typical PF focal 
ratios (f/3.5 or faster) because of unacceptable amounts of spherical aberra- 
tion and coma arising from the thicknesses. Of course, this assumes the ADC 
is added to an existing telescope corrector. If the ADC is integrated in the 
corrector, as envisaged by Epps et al. [4.36], then compensations within the 
system may well be feasible. 

Wynne [4.61] further analysed the possibilities of an independent ADC 
for the PF case. If the equivalent plane-parallel plates of the prism pairs 
are replaced by menisci, concentric to the focus, there will be no spherical 
aberration or longitudinal chromatic aberration. The sagittal field curvature 
is also zero but the tangential field curvature is twice the Petzval sum of the 
meniscus system, giving astigmatism. Wynne estimated this astigmatism to 
give about 0.5 arcsec aberration at the edge of a field diameter of 28 arcmin 
for the 3.6 m, f/3.2 PF of the Anglo-Australian Telescope (AAT). Logically, 
the ADC would be placed in front of the PF corrector. This aberration can 
easily be compensated in the corrector, with the disadvantage of limiting the 
corrector field if the ADC is removed for near-zenith observations. An oiled 
contact ADC has only two air-glass surfaces and may well be left in place. 
If a fully integrated design is envisaged, larger meniscus thicknesses become 
possible, so that sufficient dispersion may be available for a facility equivalent 
to an objective prism. 

Wynne’s work on ADC for prime focus correctors (PF) was reported 
more completely by Wynne and Worswick [4.62] with a detailed analysis of 
the aberration theory in this focus. Two cases were investigated, as shown in 
Fig. 4.28. It was found that the effective thick meniscus in front of a normal 
3- or 4-lens PF corrector, if the whole system is re-designed, actually slightly 




Case 1 




Case 2 



Fig. 4.28. Configu- 
rations of prisms for 
maximum dispersion 
setting, in cases 1 and 
2 (angles exaggerated) 
for ADC in the prime 
focus (PF). (After 
Wynne and Worswick 
[4.62]) 
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Fig. 4.29a. Spot-diagrams, reproduced from Wynne and Worswick [4.62], for their 
PF ADC for the 4.2 m, f/2.5 William Herschel Telescope, (a) Zero dispersion setting 



improves the performance. This enables the use of a thicker meniscus with 
more powerful dispersions, giving an objective prism facility. In this case, 
the inclination angles are no longer negligible as they are for normal ADC, 
making Case 2 in Fig. 4.28 preferable. For the normal application limited to 
ADC, it is unimportant whether Case 1 or Case 2 is used. 

Figure 4.29 gives the spot-diagrams for the ADC case of modest prism 
angles for 7 field positions and 5 wavelengths, (a) is for zero dispersion setting, 
(b) for ± 45° and (c) for maximum dispersion ± 90°. The field diameter is 
40 arcmin. 



398 



4 Field correctors and focal reducers or extenders 





X 


A 


B 


c 


0 


E 


F 


nm 
















1000 


♦ 




.s:«. 


V 




■ 




700 


• 


A 


•A 






< • 




m 


9 


♦ 


X 


♦ 


V 


<■ 


*< 


390 




A 


A 








■ 


330 




A 

■'O' 


•f 


m 

V 








( 


Z) 












(b) 




X 


A 


B 


c 


0 


E 


F 


nm 
















1000 


• 


■A. 


X 


v 


▼ 






700 


• 


A 








X' 




486 






X 


'if 


V 


♦ 


<< 


390 


•*' 


A 


A 


* 


w 






330 


♦ 


A 






w 




=^1 




(C) 



Fig. 4.29b, c. Spot-diagrams, reproduced from Wynne and Worswick [4.62], for 
their PF ADC for the 4.2 m, f/2.5 William Herschel Telescope, (b) At± 45° and 
(c) maximum dispersion setting ± 90° 
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Bearing in mind the rotations of the spot-diagrams for different parts 
of the field, it is clear that the ADC causes negligible deterioration of the 
performance of the total corrector system. The glasses are UBK7 and LLF6, 
as in the Cassegrain case above. The authors also give spot-diagrams for 
a system some seven times more powerful for use as an objective prism. 
Inevitably, there is now appreciable effect of the prism system at ± 45°, but 
very little at ± 0° and ± 90°. 

Another account of the above ADC-corrector systems has been given by 
Bingham [4.63], who shows the section through the finalised total system 
with an ADC prism arrangement as in Case 1 of Fig. 4.28. This is reproduced 
in Fig. 4.30. The ADC glasses are PSK3 and LLFl, and the contact layer is 
flat. The WHT primary is a paraboloid. Bingham also shows a similar ADC- 
corrector (the latter with 4 lenses) for an f/1.6 parabolic primary giving an 
f/2.0 final image. The image quality is similar over a somewhat reduced field 
of 30 arcmin diameter. 

The PF systems described above use ADCs consisting of prisms with 
curved faces, that is combinations of lenses and prisms; or, putting it another 
way with spherical surfaces, off-axis sections of lenses. 

In 1986 Su [4.64] proposed Cassegrain correctors in which the ADC feature 
is integrated into a doublet corrector. He called the lens-prism combinations 
“lensms” . Figure 4.31 shows the form of his corrector, reproduced from his 




Fig. 4.30. Section through the complete ADC-corrector systemfor the 4.2 m, f/2.5 
PF of the WHT, reproduced from Bingham[4.63] 
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Fig. 4.31. “Lensm” design of Su [4.64] for 
an ADC integrated into a doublet corrector 
for a 5 m, f/2 to f/4.5 strict RC (Cassegrain) 
focus. The glasses are from the Chinese glass 
catalogue 
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paper. Su gives spot-diagrams for two dispersion rotations. The individual 
spot-diagrams are within 0.5 arcsec for a field diameter of 45 arcmin, most of 
them being much smaller. The largest total dispersion from 350 to 1014 nm 
is 7.6 arcsec, sufficient for Z ~ 70°. Su also gives a diagram of secondary 
spectrum errors compared with the atmospheric dispersion function. 

In 1990 this work was followed up by a detailed analysis by Wang and Su 
[4.65] of similar fully integrated ADC in PF correctors. All cases concerned 
correctors for a 7.5m, f/2 paraboloid. Three types of lensm corrector were 
used, two of which are shown in Fig. 4.32. These are based on standard types 
of corrector of the sort proposed by Faulde and Wilson [4.30] and Wynne 
[4.28] respectively. 

Figure 4.33 shows the field points for the calculation of spot-diagrams. 
Spot-diagrams are reproduced for lensm corrector type I in Fig. 4.34 for a field 
diameter of 45 arcmin and zero dispersion. The significance of the vertical 
scale of 6 arcsec is that this represents the maximum dispersion of the lensm 
corrector for the wavelength range 350 to 1014 nm. The mean diameters of 
the spot diagrams for 434 nm, 350 nm and 1014 nm respectively are 0.29, 




Fig. 4.32. Two types of lensm corrector designed by Wang and Su [4.65] for the 
PF of a 7.5 m, f/2 paraboloid 
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Fig. 4.33. Points in the field for 
the calculation of spot-diagrams, from 
Wang and Su [4.65] 




4.4 Atmospheric Dispersion Correctors (ADC) 401 




P>. 1 Pi, 2 0.3 0.4 B. 1 B.2 B.3 8.4 c 

Fig. 4.34. Spot-diagrams for lensm corrector type I for a field diameter of 45 arc- 
min with a 7.5 m, f/2 paraboloid. Rotation angles of the lensms are 0°, 0°, i.e. zero 
dispersion. Circle diameter = 1 arcsec. Reproduced from Wang and Su [4.65] 

0.76 and 0.85 arcsec, the maximum being 1.11 arcsec. The field covered is 
somewhat larger than that of Wynne and Worswick (Fig. 4.29) who are using 
one more “lens” in the total system and a less steep paraboloid. But these 
authors used no aspheric surface. 

The variations in quality of the lensm correctors of Wang and Su with 
different rotations (dispersions) are very small. 

Figure 4.35 shows another example with lensm corrector type II for the 
same field of 45 arcmin diameter and zero dispersion. The mean diameters 
of the spot-diagrams for 434, 350 and 1014 nm respectively are 0.35, 0.87 
and 0.96 arcsec with a maximum of 1.35 arcsec. Adding an aspheric to the 
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Fig. 4.35. Spot-diagrams for lensm corrector type II for a field diameter of 45 
arcmin with a 7.5 m, f/2 paraboloid. Rotation angles of the lensms are 0°, 0°, i.e. 
zero dispersion. Circle diameter = 1 arcsec. Reproduced from Wang and Su [4.65] 



402 



4 Field correctors and focal reducers or extenders 



Prism 1 Prism 2 




Fig. 4.36. Optical design of the LADC - schematic (after Avila, Rupprecht and 
Beckers[4.78]) 



first (larger) lensm (type III lensm corrector) improves these values to 0.33, 
0.65 and 0.63 arcsec with a maximum of 0.97 arcsec. The same system at 
maximum dispersion gives 0.33, 0.66 and 0.65 arcsec with a maximum of 
1.07 arcsec, a very minor increase. 

The extra lens element of types II and III seems to bring little gain over 
type I. Since ADC in this system is achieved with the minimum number of 
normal corrector elements, it seems a most interesting solution. It should 
be noted that the front meniscus lens has a diameter only 9% of that of 
the primary and g/\f[\ = 0.08. This relatively low value accounts for the 
effectiveness of the aspheric surface, as discussed above. 

Finally, it should be said that ADC does not necessarily have to be in- 
troduced as part of the telescope optics. If slit or fibre instruments are used, 
it will then have to be done before the image plane, but such an ADC can 
still be seen as part of the auxiliary instrument and can be directly adapted 
to its field requirements. This solution was adopted, for example, in the ESO 
NTT. 

This symbiosis of telescope and instrument is illustrated in another form 
by the more recent development for the ESO VLT unit telescopes when 
combined with the two FORS (Focal Reducer and Spectrograph) instru- 
ments [4.77] at the Cassegrain focus. For direct imagery, but above all for 
spectroscopy of extended sources and for multi-object spectroscopy where 
the slits cannot be aligned along the direction of the atmospheric disper- 
sion, it is not possible to include the ADC in the instrument. The size 
of such telescopes of 8 m aperture makes the classical solutions discussed 
above, which were developed for telescopes of half this size or less, both dif- 
ficult and expensive. Above all, the necessary size of the dispersive prisms 
was prohibitive for the elegant double-prism pair (zero deviation) system of 
Wynne. Apart from the high cost of the individual prisms with significant 
prism angles 7, the absorption of the two glasses with appreciable thick- 
nesses would be a major problem. Furthermore, because cementing of the 
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prism pairs in sizes of the order of 0.5 m would be too dangerous, oiled 
contact surfaces would be essential. But this would also be technically prob- 
lematic. 

A solution better adapted to such large telescopes was proposed at ESO 
by J. Beckers and designed in detail by G. Avila and G. Rupprecht [4.78]. 
This system has been called the “Linear Atmospheric Dispersion Corrector” 
(LADC). It consists of two single prisms, but with significant separation as 
shown in Fig. 4.36. The whole unit is about 900 mm in diameter and has 
a length of 1570 mm. It is part of the Mi cell/Ma tower construction. The 
figure arbitrarily defines the red principal ray emerging from the telescope exit 
pupil as being on the axis of the telescope. Since the two prism angles 7 are 
identical and reversed, there is a deflection e of the axis, depending linearly 
on the separation, but no pupil tilt. The latter property was a fundamental 
requirement of the VLT system. The axis shift is automatically compensated 
by the guide probe. No rotation is required in an alt-az mounted telescope 
since the dispersion is always in the altitude direction. The blue field ray 
is shown with vastly exaggerated field angle Bearing in mind that the 
deviation of a small angled prism is (n — 1)7 if the incidence angle remains 
small, then the emerging rays from prism 2 are parallel to the incident rays 
on prism 1. The separation d is adjusted so that the emerging coloured rays 
focus on the telescope focal plane. In practice, prism 2 remains fixed at a 
suitable distance from the image plane, while prism 1 is moved along the axis. 
The larger the dispersion field angle, the larger d must be. Prism 1 produces 
the effective dispersion correction, part of which is removed by prism 2. The 
positive balance arises from the rule stated for the Wynne system above, that 
the compensating dispersion of a prism is proportional to its distance (lever 
arm) from the focal plane. The real role of prism 2 is therefore simply to 
remove image and pupil tilt. In the zenith, d — and the two prisms form a 
parallel plate. 

Since there is only one glass type, fused silica can be used giving opti- 
mum transmission, an important property bearing in mind that the system 
cannot be routinely removed from the telescope, even if it is not required for 
observations close to the zenith. A disadvantage, inherent in the system com- 
pared with the 2-glass doublet system of Wynne and Worswick, is that the 
matching of the atmospheric dispersion is inevitably less precise. However, 
in the most critical case of the high spatial resolution imaging mode with 
a field diameter of 3.4 arcmin, the authors show that, for the spectral range 
350—850 nm and a zenith distance Z — 50°, the atmospheric dispersion is re- 
duced from 1.00 arcsec to 0.12 arcsec at the field centre and from 1.14 arcsec 
to 0.18 arcsec at the field edge. The broad-band correction is therefore be- 
tween 88% and 84% for a field diameter of 3.4 arcmin and the residues have, 
in practice, proved undetectable. Scaling factor variations of the field would 
be very serious for multi-object spectroscopy with FORS using slits of about 
0.5 arcsec, but the variation produced by the LADC is less than 0.01 arcsec 
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and therefore negligible. If the FORS instrument has to be moved to another 
unit telescope, the LADC unit must also be removed and remounted with 
it, since the presence of the LADC facility is considered essential for high 
quality FORS operation. 



4.5 Focal reducers and extenders 

4.5.1 Simple reducers and extenders in front of the image 

In § 3. 6. 4. 4, systems were discussed in which refracting elements were used 
in combinations with Mangin mirrors and lens objectives, e.g. Fig. 3.67. In 
this spirit, between 1828 and 1833, Barlow (see ref. [3.39] in Chap. 3) car- 
ried out experiments with liquid lenses and, as a by-product, introduced the 
negative Barlow lens as a device for increasing the focal length. This was a 
small-field telephoto system. In principle, a positive lens as a focal reducer 
is completely analogue; but as a “wide-angle” system for a given detector 
size it has problems of field aberrations that do not occur with the Barlow 
lens. In both cases, the system must function with a nearly telecentric pupil 
because of the position of the telescope exit pupil behind the secondary, far 
away from the Barlow or reducer (Shapley) lens. 

A focal reducer or extender must operate by definition with an axially 
corrected telescope: otherwise it is a special form of corrector with positive 
or negative power. 

Since a focal reducer (FR) or extender (FE) has significant power by 
definition, it must be achromatised in the classic sense with two different 
glasses. The simplest form is therefore a thin doublet achromat. This can be 
treated by the same thin lens theory as that given above in § 4. 3. 2. 2 for quasi- 
afocal doublet correctors applied to classical Cassegrain and RC telescopes. 
However, the situation with FR and FE is much less favourable since the 
total power is finite and prescribed by the magnification. In the case of RC 
telescopes, the situation of Eqs. (4.78) applies, where stop-shift terms are 
absent and a perfect FR or FE would have Sj — Su — 0 with compensation 
of the RC Sill and Siv residues. Then (4.82) would apply, in principle, 
for the correction of ^ Sm and ^ Siv ■ For available values of n{ and , 
the condition can only be fulfilled with a small negative total power of the 
FR or FE. This is in fundamental conflict with the prescribed finite power 
determined by its magnification. The direction of the FE is more favourable 
than that of the FR since it compensates the RC residues. But significant 
power (magnification) is bound to overcompensate. The required power Kfe 
is dependent on the distance gpE from the original telescope focus and is 
given from (2.8), for a “thin” FE, by 

1 

1 + Kfe9fe 



tufe = 



(4.95) 
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where gpE and mpE, the magnification, are positive quantities. Since the FE 
has mpE > 1, it follows from (4.95) that KpE must be negative. In the limit 
case with^i?£; = 0, mpE = 1 and the FE becomes a field lens. If KpEgpE = —I, 
then gpE — —f'pE and mpE = oo, the limit case of an afocal Galilean 
telescope. From (4.52) we have the simple situation for a “thin” FE that 

{Sill) PE oc {J2K)pe and {Siv)fe , if there are no stop- 

shift terms affecting the astigmatism. The overcompensation by {Siv)fe can 
be mitigated for a given (E,K)pe by choosing and n '2 to be as high as 
possible, but there is nothing to be done about the astigmatism except to 
make gpE as large as possible to reduce {EK)pe- The larger the mpE, the 
worse the situation becomes. The requirement that {Si)pe — {Su)pe — 0 
is the same as that for a normal achromatic objective and can normally be 
met, provided gpE is not too small and mpE not too large. But the quasi- 
telecentric stop produces supplementary coma. 

The situation for an FR with an RC telescope is the same except that the 
residual RC aberrations increase those of the FR instead of compensating 
them to some extent. Furthermore, the reduction in linear field means the 
angular field for a given detector size is increased, whereas it is reduced with 
the FE. For both these reasons, FE are more favourable for mpE = l/mpp 
than FR. 

With a classical Cassegrain, the coma of the telescope produces a stop- 
shift term in astigmatism which introduces a further complication. As with 
the quasi-afocal doublets, the correction of the telescope coma may require a 
bending which prohibits correction of spherical aberration. For most practical 
cases, residual coma from the quasi-telecentric effects in the FE or FR is more 
serious. 

Barlow lenses are very popular with amateur telescopes of small size, 
usually for visual use. An excellent description of the possibilities is given by 
Rutten and van Venrooij [4.66]. They give a design for a cemented achromat 
for a 200 mm, f/10 Schmidt-Cassegrain telescope (in theory, a similar situ- 
ation to the RC case above) without precise indication of the glasses used. 
Normally, common glasses are used, but (following from the theory above) 
high index lanthanum glasses give better performance provided a consider- 
able dispersion difference (Abbe number) is available. The design of Rutten 
and van Venrooij has the positive (flint) lens towards the incident light in 
agreement with Hartshorn [4.67]: the reverse order gives worse field aberra- 
tions. The authors give spot-diagrams for the combination with the Schmidt- 
Cassegrain, the performance being acceptable (relative to the Airy disk) over 
a field diameter of 40 mm for a Barlow magnification of 2 and a final focal 
length of 4000 mm (about | ). The field limitation is by coma and astigma- 
tism. 

Rutten and van Venrooij also give an equivalent design for a focal reducer 
with magnification 0.55. Again the positive lens (crown) leads. The linear field 
diameter given is 20 mm (abont 1°) with acceptable performance compared 
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with a 25/im circle set by grain size for photography. Because of its “thin 
lens” nature, its field performance is limited mainly by astigmatism. 

Of course, the design of such systems with a modern optical design pro- 
gram is a trivial operation. Separation of the elements gives additional design 
freedom (e.g. coma) at the cost of chromatic errors and increased air-glass 
surfaces. Such systems are more in the domain of powered correctors, dealt 
with above. 

Simple Barlow (diverging) doublets are capable of correcting linear fields 
comparable with their own diameters [4.67] for moderate magnifications 2) 
on small telescopes, the diameters being of the order of a tenth of the primary 
(or objective) diameter. For larger telescopes, the linear field corrected for 
a given doublet size will be the same, but the angular field will decrease 
linearly with the telescope size with fixed f/ratio. If it is wished to correct 
a larger angular field, the doublet must be made larger and placed further 
from the focus, giving increased problems of chromatic aberrations (including 
secondary spectrum) and, possibly, spherical aberration. The performance 
deteriorates if the Barlow magnification increases because the total power, 
and hence that of the individual lenses, must increase. Similarly, if the relative 
aperture of the telescope beam incident on the Barlow doublet is increased, 
the problems of correction of spherical aberration and coma grow rapidly. 

4.5.2 Wide-field focal reducers (FR) as a substitute 
for a prime focus 

This was the subject of a study carried out at Carl Zeiss for the 3.5 m, f/3 
to f/8 MPIA telescope. A resume of the results was given by Wilson [4.15]. 
The following properties of an ideal focal reducer were listed: 

a) It should optically replace the PF, providing a similar field with similar 
quality over the whole spectral range. 

b) It should use the normal telescope secondary (RC or quasi-RC in the case 
considered) . 

c) It should yield a convenient position of the final focus. 

d) The final focus should be so arranged that the image receiving apparatus 
(including IR) can be used without causing unacceptable obstruction. 

e) It should not cause construction problems such as a long overhang. 

f) It should have as small a length and weight as possible to reduce handling 
problems. 

g) It should have as few optical elements as possible. 

h) It should contain only UV-transmitting elements. 

This is a formidable list and it may be doubted whether a full solution exists. 
Above all, the linear field size implies at once that this general problem is 
quite different from the simple small-field doublet systems discussed above. 
In the above 3.5 m telescope, the required 1° diameter field of the f/3 PF, 
with corrector, gives a linear field at the f/8 Cassegrain of nearly 490 mm 
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diameter. The magnification is 3/8 = 1/2.67, appreciably stronger than the 
small telescope examples given above. 



4. 5. 2.1 Wide-field focal reducers (FR) without an intermediate im- 
age. Such a system is the wide-held, large-scale Gaussian equivalent of the 
simple doublet solutions given in § 4.5.1. The biggest problem for the wide- 
held extension is the position of the exit pupil of a Cassegrain telescope far 
in front of the FR so that the FR is effectively working t decent ric ally. This 
situation is already a limitation with the small-held doublets discussed above, 
but becomes far more serious with large linear helds. 

Space limitations will normally rule out mirror solutions for an FR with- 
out an intermediate image. With lenses, the diameter of the front lenses must 
be larger than that of the virtual image, i.e. over half a meter for the above 1° 
held requirement. Figure 4.37 shows schematically a basic design restricted 
to 5 lenses, the largest having a diameter of 654 mm, covering a held of 0.9° 
diameter. With such diameters, the choice of glasses is very limited. Spot- 
diagrams are shown in Fig. 4.38. The monochromatic correction is favoured 
by increasing the length and is within 0.5 arcsec. The lateral chromatic aber- 
ration C 2 and the higher order chromatic aberrations are extremely serious 
even at modest helds. The system would only be useable over narrow spec- 
tral ranges and, even then, over a modest total spectral range because of 
chromatic differences of coma and astigmatism. Such linear helds cannot be 
covered by a practical lens system for a signihcant spectral range. The basic 
requirement a) above cannot be met. Achromatisation of the last singlet lens 
in Fig. 4.37, which balances the astigmatism and held curvature, would pro- 
duce an improvement, but the hnite thickness and powers of the individual 
doublets are fatal for the higher order chromatic performance. 




Fig. 4.37. Basic design (schematic) for an FR without intermediate image for a 
field of 0.9° diameter at the Cassegrain (RC) focus of the 3.5 m MPIA, f/3 to f/8 
telescope [4.15]. mpa = 1/2.67 
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Fig. 4.38. Spot-diagrams for the FR system of Fig. 4.37 
[4.15]. The circle is 0.98 arcsec = 50/xm 



Lens solutions for modest linear fields in large telescopes may be useful 
in special cases. A general solution equivalent to the PF with corrector for 
an FR without intermediate image seems impossible. 



4. 5. 2. 2 Wide-field focal reducers (FR) with an intermediate image. 

The importance of the quasi-telecentric stop for the performance of an FE or 
FR without intermediate image has been emphasised above: it is the funda- 
mental factor limiting performance. If the telescope image is allowed to form 
and a field lens placed near it, the exit pupil of the telescope can, in princi- 
ple, be re-imaged to an optimum point for an FR with its elements disposed 
round it like those of a photographic objective round a central stop. 

Such a system is really no longer part of the telescope optics in the strict 
sense: it is effectively a supplementary instrument for direct imaging. In this 
sense, it is closely associated with spectrograph design: indeed, a normal 
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spectrograph is simply an FR with dispersive means at the transferred pupil. 
Instrument optics is too large a subject to be treated in this book, but we will 
give a brief account of some of the work on FR solely considered for direct 
imaging. 

In the study referred to above [4.15] for the MPIA, a lens system with 
field lens was investigated as shown in Fig. 4.39. The spot-diagrams are shown 







0 (B do ni 



1 



Fig. 4.39. Basic design (schematic) for an FR with intermediate image for a field of 
0.9° diameter at the Cassegrain (RC) focus of the 3.5 m MPIA f/3 to f/8 telescope 
[4.15]. rriFR = 1/2.67 



in Fig. 4.40. The monochromatic image suffers from appreciable coma which 
may be correctable with some design modification. Fundamental, however, 
is the large chromatic difference of coma. The elements of the FR must be 
disposed over a large axial distance, so that some of them are still a long way 
from the pupil. The lens thicknesses cause problems as with the system of 
Fig. 4.37. A further problem is the strong singlet field lens which produces a 
pupil image with large chromatic aberration. This means that the principal 
rays of different wavelengths traverse the elements of the FR at different 
heights, a fatal situation for higher order chromatic aberrations. 

We may conclude that, for an FR replacing a PF facility with a 1° field 
diameter, lens systems, even with an intermediate image, have no chance of 
fulfilling the quality requirement a) above with regard to the spectral range. 
If this is to be achieved, the basic power of the FR must come from mirrors, 
lens elements being only quasi-afocal correctors. Mirrors solve the chromatic 
problems associated with the power at once, but lead to obstruction problems. 
In [4.15] a number of mirror solutions were investigated, all using the PF 
of a supplementary Schmidt-based system. The basic design arrangement 
is shown in Fig. 4.41. To minimise obstruction problems of the detector at 
the PF of the Schmidt mirror, a higher reduction factor of mpu — 1/4.71 
had to be used (f/8 to f/1-7). The optical correction would have been better 
with the previous reduction of f/8 to f/3. Figure 4.41 shows a 2-element 
corrector in front of the image. In some systems, this was simply a normal 
corrector for the Cassegrain focus; in others, it was effectively part of the FR 
and gave an uncorrected intermediate image. The systems considered were a 
singlet field lens with: a simple Schmidt system with shifted pupil; the same 
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Fig. 4.40. Spot-diagrams for the FR system of Fig. 
4.39 [4.15]. The circle is 0.98 arcsec 




Fig. 4.41. Basic focal reducer geometry using a Schmidt-based mirror system for 
the 3.5 m MPIA telescope. Reduction is f/8 to f/1.7 {mpR = 1/4.71) [4.15] 
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with a doublet corrector (wricorrected); a Bouwers-Maksutov system with 
a doublet corrector (corrected); a Hawkins-Linfoot system with a doublet 
corrector (corrected); the same with a doublet corrector (rtncorrected); an 
extra field lens with a Baker-type system using 2 menisci and 1 aspheric 
plate and doublet corrector (MTTCorrected). Finally, the field lens (or lenses) 
were replaced by a field mirror combined with the same Baker-type system 
with doublet corrector (wncorrected) in order to establish the importance of 
the chromatic aberrations of the pupil. All of these telescope systems were 
discussed in some detail in § 3.6.4, the relevant literature references in Chap. 3 
being [3.32] [3.38] [3.50] [3.54] [3.56] [3.57]. All results are for curved Schmidt 
fields. Here we shall reproduce two results, the best system with one field lens 
and doublet corrector (corrected intermediate image) and the best system 
with 2 field lenses and doublet corrector (wricorrected intermediate image). 
Spot-diagrams of these systems are shown in Figs. 4.42 and 4.43 respectively, 
in each case for a field of 1° diameter and a circle of 0.5 arcsec. In both of 
these designs, the doublet corrector effectively removes the astigmatism of the 
telescope system. In the first system, it is a normal corrector correcting the 
intermediate image; in the second system, it produces an optimum balance 
of aberrations feeding into the FR. 

In the Hawkins-Linfoot design, the chromatic aberration of the concen- 
tric meniscus is corrected by a weak afocal doublet in the transferred pupil, 
with an aspheric to correct the zonal spherical aberration. The secondary 
spectrum of the afocal doublet corrector gives lateral chromatic aberration 
curvature of the upper spot-diagram line (Fig. 4.42) and also the additive 
effect of spherochromatism and secondary spectrum focus error at 1014 nm. 

In the Baker 2 meniscus - plate design, there is a meniscus on each side 
of the pupil and an aspheric plate in the pupil. All three elements are of 
quartz, enabling chromatic correction with no secondary spectrum. The field 
lens is split into two since this system is very sensitive to pupil aberration. 
The secondary spectrum of the transverse colour originates in the 2-glass 
corrector in front of the intermediate image. This could be suppressed with 
a single glass type with somewhat greater spacing. 

With further design improvements, the system of Fig. 4.43 is capable of 
0.5 arcsec performance over the whole field and wavelength range. For a field 
of 0.7° diameter, the quality is appreciably better. In this sense, the quality 
aim a) above has been attained. Although a single glass was not used in the 
above design, it would be possible to do this, eliminating secondary spectrum 
effects and giving optimum UV-transmission. The weak point is requirement 
g), that not too many optical elements be required. The system has a to- 
tal of 2 field lenses, 4 corrector lenses (including 2 of a normal Cassegrain 
field corrector), an aspheric plate and a spherical mirror. By comparison, the 
equivalent PF corrector uses 3 lenses with spherical surfaces and suffers less 
from obstruction problems of the detector. 
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Fig. 4.42. Spot-diagrams for a focal reducer f/8 to f/1.7 designed for the 
3.5 m MPIA telescope for a field diameter of 1°. Doublet corrector (corrected 
Intermediate image), one field lens and a Hawkins-Linfoot camera. Circle = 0.50 
arcsec = 14 /rm. Image radius 1031 mm [4.15] 



4.5 Focal reducers and extenders 413 



1014.0 

1 


656.30 

1 


587.60 

1 


546.10 

1 


486.10 

1 


435.80 

1 


404.70 

1 


365.00 

1 


6 - 


- © 


- © 


— © 


— © - 


- 6 


- 5 - 


o 



± 0.50° 



656.30 

1 


587.60 

1 


546.10 

1 


486.10 

1 


435.80 

1 


404.70 

i 


365.00 

1 


■ © 


- © 


- ® - 


- © 


- ® - 


- o 


- O 



± 0.44° 



1014.0 

1 


656.30 

1 


587.60 

1 


546.10 

1 


486.10 

1 


435.80 

1 


404.70 

1 


365.00 

1 


A 

o - 


- ® 


-© - 




- © - 


© - 


© - 


-© 



+ 0.36° 



1014.0 656.30 587.60 546.10 486.10 435.80 404.70 365.00 




± 0.25° 



1014.0 

1 


656.30 587.60 546.10 486.10 

till 


435.80 

1 


404.70 365.00 

1 1 


— @ 


— . — . — . — 


^ 


- - )Mi - 


1 


1 1 1 1 


1 


1 1 
Axis 



Fig. 4.43. Spot-diagrams for a focal reducer f/8 to f/1.7 designed for the 3.5 m 
MPIA telescope for a field diameter of 1°. Doublet corrector (wncorrected inter- 
mediate image), 2 field lenses and Baker- type camera with 2 menisci and one 
plate. Circle = 0.50 arcsec = 14 /rm. Plot field for axial spot-diagrams = 10 /rm. 
Image radius = 1052 mm [4.15] 




414 4 Field correctors and focal reducers or extenders 



It is clear that FR with large angular fields at the Cassegrain focus can 
only compete with PF correctors at considerable extra cost and effort in the 
number of optical elements involved and their arrangement with the detector. 
Concerning the latter, it should be added that a Schmidt-Cassegrain camera 
solution would also be quite feasible. 

4.5.3 Other Cassegrain focal reducers. 

For more modest fields and requirements, many proposals have been made. In 
1956 Meinel [4.68] published results of an f/2 Cassegrain camera constructed 
with a field lens at the focus of the 82 inch McDonald telescope (field diameter 
20 arcmin) and a standard Leitz Summicron photographic objective placed 
behind a Tessar type collimator with a filter between them. The pupil is 
imaged to the correct point in the Summicron. According to Meinel, the 
huge gain in speed with the camera was attained without image quality loss 
beyond the normal seeing limit. 

An example of successful improvisation under time pressure is the Stock- 
holm FR described by Jorsater [4.69]. This converts a field of 43 mm diame- 
ter (5.4 arcmin) at the f/11 RC focus of the 2.5 m Nordic Optical Telescope 
(NOT) to an f/3.5 image. The field lens is a spectacle lens of 70 mm diameter 
and /' = 600 mm. The FR is an f/2. 5 Konica camera objective. Images of 
FWHM of 1 arcsec are produced, giving 2 pixel sampling on a CCD detector. 
An important property is excellent freedom from ghost images. 

More ambitious FR using mirrors in various forms have been proposed 
by Boulesteix et al. [4.70] for Fabry-Perot interferometry, and by Geyer and 
Nelles [4.71]. 

Very interesting work was done for the Texas 7.6 m telescope project with 
a view to replacing the PF by a Cassegrain FR with more modest fields than 
the 1° discussed above. Meinel et al. [4.72] described a system consisting of a 
field lens working with a 4-mirror FR to convert the f/13.5 Nasmyth focus to 
f/3.0, the field covered being 8 arcmin. Figure 4.44 shows the arrangement. 
The system consists of a modified “Bowen-type” camera using an inverted 
Cassegrain to increase the aperture, combined with a Gregory to avoid a 
refractive field fiattener near the image. The exit pupil of the telescope is 
imaged on to the first, convex, mirror of the inverted Cassegrain, which in 
turn images it on to its Gregory secondary half. The mirrors are respectively 
spherical, nearly spherical, hyperbolic and elliptical. The great advantage of 
the system is its compact nature. The authors show spot-diagrams over the 
8 arcmin diameter field which are substantially within 0.2 arcsec. There is 
some chromatic variation due to the field lens. For the modest field transmit- 
ted, there is no vignetting and only moderate central obstruction. 

MacFarlane [4.73] has also proposed a number of Nasmyth FR designs for 
the same Texas 7.6 m telescope project. Most of them are based on the INCA 
(Inverted Cassegrain) type discussed by Rosin [4.74]. These are basically sim- 
ilar to the Meinel proposal of Fig. 4.44 but use only two reflections instead of 
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Fig. 4.44. Focal reducer designed by Meinel et al. [4.72] for the Texas 7.6 m 
telescope project. The f/13.5 Nasmyth focus is converted to f/3.0 over a field of 
8 arcmin diameter 

4 - see Fig. 4.45. Rosin gave a solution with spherical mirrors, corrected for 
spherical aberration if the magnification is correct. MacFarlane gives such 
a solution with mirrors of equal curvature and a magnification of 1/3.73. 
If both mirrors are made aspheric, a flat-field anastigmat corrected for all 
four aberrations is possible. In fact, this system was effectively invented by 
Schwarzschild (Ref. [3.1] in Chap. 3) for a parallel incident beam, as shown 
in Fig. 3.8, and abandoned as useless for a normal telescope. In the MacFar- 
lane design, it was unclear whether a modification could retain anastigmatic 
imagery and also compensate the additive field curvature of the Cassegrain 
telescope and positive field lens. He gave a reduction from f/13.0 to f/6.0, 
using a configuration with the Cassegrain image and field lens slightly to the 
right of the concave mirror. A reduction to f/3.0 gave a much better perfor- 
mance over a field of 10 arcmin diameter, the spot-diagrams being within 
0.2 arcsec. But no solution could approach the field performance of PF cor- 




Fig. 4.45. INCA (Inverted Cassegrain) focal reducer pro- 
posed by MacFarlane [4.73] 
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rectors, confirming the conclusion of Wilson [4.15] that this is only possible 
with more complex systems. 

MacFarlane [4.73] also considered the advantage of a field mirror to avoid 
the problems of chromatic aberrations of the pupil, which Wilson [4.15] had 
investigated. MacFarlane confirmed a significant advantage and proposed a 
practical field mirror arrangement as in Fig. 4.46. The Nasmyth M3 is inclined 
to the axis at about 40° instead of 45°. The concave field mirror is then 
inclined at abont 5° to the axis, which should be acceptable as it is very 
near the image. The system of Fig. 4.46 shows a simple Schmidt camera as 
FR, but more complex systems would be possible. The Petzval sum of a 
concave field mirror is opposite to that of a positive field lens. This would 
be advantageous with an INCA type FR but Wilson [4.15] pointed out that 
a Schmidt type FR usually dominates the total field curvature and a field 
mirror adds further to its effect. So a field mirror is more interesting for INCA 
or straight Schmidt-Cassegrain FR solutions. 

It is most instructive to compare the proposal of MacFarlane of Fig. 4.46 
with some of the telescope solutions proposed in § 3. 6. 5. 3. The system of 
Sasian (Fig. 3.90) achieves pupil transfer by a cylindrical “Nasmyth” mirror 
instead of a field mirror. But the final f/no is conventional because of the basic 
geometry. The system of Wilson and Delabre (Fig. 3.89), on the other hand, 
produces the pupil transfer with a normal “Nasmyth” flat by using an extra 
mirror. The fourth powered mirror (Mi and M 2 being spherical) is replaced 
by a Cassegrain pair, which is effectively an FR, giving f/2.8. This gives a 
field quality within 0.2 arcsec over a field diameter of 30 arcmin, compared 
with MacFarlane’s aim of 10 arcmin diameter, and also has the advantage of a 
steep spherical primary and a spherical secondary. This shows the advantage 
of building the FR into the basic design of the telescope. The total number 




Fig. 4.46. FR concept 
using a field mirror pro- 
posed by MacFarlane [4.73] 
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of elements is the same as in the MacFarlane proposal, assuming he uses a 
simple Schmidt without further complication. 

The general conclusion on FR, considered as an addition to a normal 
telescope, still seems to be that they cannot replace a PF corrector giving a 
field of the order of 1° diameter. They are much more interesting for more 
limited fields. CCD detectors favour such applications. The commonest FR 
are simply a non-spectral mode in a general spectrograph. 



5 Major telescopes from Lord Rosse 
to about 1980 



5.1 Major telescopes in the speculum mirror epoch 
to 1865 

In Chap. 1 a brief account of the development of the reflector up to William 
Herschel was given. From 1800 to about 1840, the pendulum of rivalry be- 
tween the reflector and the refractor swung back in favour of the refractor 
through the epoch-making work of Fraunhofer in the development of optical 
glass and its systematic application to refractors such as the Dorpat refractor 
of aperture 24.4 cm. The fact that refractors of relatively modest size were 
able, in spite of the limitation of secondary spectrum, to compete with or 
even excel reflectors with apertures up to 1.22 m (Herschel) was a measure 
of the two great weaknesses of the reflectors of the time: the poor efficiency 
through low reflectivity and the problems of mechanical manipulation in such 
sizes. 

Excellent accounts of developments in the nineteenth and early twentieth 
centuries are given, above all, by Danjon and Couder [5.1], King [5.2] and 
Riekher [5.3]. Here the intention is only to establish the essential aspects 
leading to the modern reflector. As pointed out in Chap. 1, the theoretical 
basis until Schwarzschild in 1905 [5.4] was still the “classical” telescope with a 
parabolic primary as laid down by Descartes and applied in Newton, Herschel, 
Gregory or Cassegrain forms. 

The further development of the reflector after William Herschel was, 
above all, due to Lord Rosse (William Parsons) and William Lassell in Great 
Britain. In the 1830 ’s, Rosse systematically investigated the problems of cast- 
ing large mirrors in speculum metal. A major problem up to then was the 
danger of crystallisation through slow cooling. This had forced Herschel to 
use a very high copper content for his largest mirror with negative conse- 
quences for the reflectivity. Some workers tried to solve the crystallisation 
problem by rapid solidification on a cold iron plate. Rosse showed that this 
was an illusion as it softened the material and led to an inferior polish [5.3]. 
By ingenious technical compromises in the cooling procedure, he was able 
to produce blanks up to 0.9 m in 1839 and 1.82 m (60 inch) in 1842 using 
an optimum alloy for polishing (68.2% Cu and 31.8% Sn). In parallel, Rosse 
performed pioneer work in a concept which has now again become ultra- 
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Fig. 5.1. 90 cm lightweighted, 
built-up blank made by Lord 
Rosse in 1839 (courtesy Rolf 
Riekher) 



modern (see RTO II, Chap. 3), namely lightweighted built-up blanks [5.1] 
[5.3]. Fig. 5.1 is reproduced from Riekher [5.3] and shows the construction of 
a 90 cm blank made by Rosse. The ribs were of a Cu-Zn alloy with the same 
expansion coefficient as the speculum faceplate. The sectors were soldered 
together. Rosse could detect no difference in optical performance between 
the 90 cm massive cast blank and the built-up blank. However, he decided 
in favour of the massive cast approach for his 6-foot blank. Five blanks were 
cast, of which the first and last were polished, the other 3 breaking because 
of uneven temperature in cooling. 

Rosse was also the first telescope maker to develop a polishing machine 
systematically. 

Another important advance over the Herschel technology was the first 
use in a major telescope (1.82 m) of the whiffie-tree support concept invented 
by Thomas Grubb [5.5] (Fig. 5.2). Three plates support the mirror weight 
on universal joints at the centre of gravity of the 3 mirror sectors. These, 
in turn, each support 3 more plates on universal joints. With 4 stages, 81 
supports were finally used at the back of the mirror [5.3]. All modern mirror 
support systems are based either on this principle due to Grubb or the astatic 
principle due to Lassell discussed below (see also RTO II, Chap. 3). 

Rosse’s largest 1.82 m primary had a focal length of 16.5 m giving f/9.0, 
only slightly shorter than Herschel’s normal f/ratios. Now from Eq. 3.11 we 
see that the asphericity for a given conic section defined by the Schwarzschild 
constant hg varies linearly with the size of a mirror and as the inverse cube 
of its f/no. For a parabola, the difference from the circle with the same vertex 
curvature c is simply 
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Fig. 5.2. Whiffle-tree support system in 
4 stages designed by Thomas Grubb for 
the Rosse 6-foot reflector completed in 1845 
(courtesy Rolf Riekher) 



A 




Inserting the f/no as N = f'/2y gives with /' = r/2 




(5.1) 



The above values for the Rosse 6-foot telescope give from (5.1) 



{Sz)par — 2.4 /xm 

Rosse parabolised from the sphere of equal curvature c according to for- 



abandons the equal curvature reference sphere, so that the radial aspherising 
function can be freely chosen according to 



where the suffixes s and p refer to the reference sphere and parabola respec- 
tively. For example, if the two terms in (5.2) are made equal for the full 
aperture ym, then material must only be removed in a zonal operation. This 
is further discussed in RTO II, Chap. 1. The amount of material to be re- 
moved is reduced and the zonal position of the zero of the function can be 
chosen at will. 

Rosse apparently was the first to introduce zonal testing using masks. 
He knew that the paraboloid no longer produced theoretically perfect geo- 
metrical optical images on axis if a test object were placed fairly near. This 
effect was first recognised by Herschel and its avoidance requires fulfilling 
the so-called Herschel condition (see ref. [3.3] and [3.6] of Chap. 3) which is 
rarely possible in practical optical systems. Rosse therefore calculated the 
theoretical focus shift for different zones and measured this with his zonal 
masks. 

Rosse recognised the disadvantage of field coma introduced by the Her- 
schel tilted single mirror form (Fig. 1.1) and reverted to the Newton form 



mula (3.11) by flattening the outer parts of the mirror. The modern method 




(5.2) 
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Fig. 5.3. Lord Rosse’s 6- foot (1.82 m) telescope completed in 1845 (courtesy 
Deutsches Museum, Munich) 



with a second reflection, made possible essentially by the better composition 
and reflectivity of his speculum. Figure 5.3 shows the mounted telescope. 
Recognising the immense mechanical problems experienced by Herschel with 
his largest telescope, Rosse prudently renounced the possibility of a mounting 
permitting general sky coverage. Instead, the huge iron tube swung between 
walls on trunnion bearings through an angle of 160° along the meridian. By 
raising or lowering the bearings on each side with wedges, the tube could be 
inclined ± 12° giving an observation period of about hours for an object 
near the equator. 

This telescope represented a remarkable advance but was not yet a modern 
telescope. Using visual magniflcations up to 1300, limited by the “seeing” in 
Ireland, Rosse was able to discover the spiral structure of external galaxies 
(Riekher gives a comparison drawing and photograph in [5.3]) some 75 years 
before their physical nature was proven. He also found that parts of some 
spiral nebulae could be resolved into stars [5.6]. 

About the same time as Rosse, William Lassell also made fundamental 
advances. His casting techniques and alloys were similar to those of Rosse and 
equally successful up to his largest size of 1.22 m (4 feet) with f/9.2. Lassell’s 
largest telescope was set up in Malta in 1861. This telescope possessed three 
notable new features 
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- A primary mirror support system based on astatic levers (see RTO II, 
Chap. 3) 

“ An equatorial mount based on a fork-type equatorial axis 

- An open slat tube to permit natural ventilation of the air in the tube 

Figure 5.4 shows a reproduction of the original single astatic lever support 
invented for a 9-inch telescope in 1842 [5.7] and Fig. 5.5 the complete 1.22 m 




Fig. 5.4. Original single astatic 
counterweight described by Lassell 
in 1842 [5.7] (reproduced from Dan- 
jon and Couder [5.1]) 



telescope [5.8]. Figure 5.4 is reproduced from Danjon and Couder [5.1] who 
point out that Lassell was apparently not fully aware of the significance of 
his own invention. The 1.22 m telescope had a multi- lever astatic support 
and was, in this sense, the immediate precursor of the majority of support 
systems of subsequent telescopes. The development of such astatic supports 
will be discussed in RTO II, Chap. 3. Suffice it to say here that Lassell, under- 
estimating his own invention for lack of proper scientific analysis, erroneously 
believed (ref. [5.1] p. 687) that the lever arms had to be maintained roughly 
horizontal. To this end, Lassell designed the telescope tube to be rotatable 
about its axis, an appreciable mechanical complication. Observational expe- 
rience rapidly demonstrated to him that this rotation made no difference 
and that the levers worked equally well in all telescope attitudes. The essen- 
tial reason for Lassell’s error was the unfamiliarity with the new equatorial 
mount: with the old altitude-azimuth (Alt-Az) mount, lever arms arranged 
horizontally in the zenith position would have stayed so at all elevations. We 
shall see (RTO II, Chap. 3) that the recent reversion to the Alt-Az mount 
requires an inverse adaptation to its simplifications. 

Lassell’s rotating tube had, in fact, a second and highly practical purpose: 
to allow easy access from the observing tower (Fig. 5.5) to the Newton focus 
[5.3]. This is a problem of which amateurs making visual use of Newton 
telescopes rapidly become aware. If Lassell had used the Cassegrain form, 
this telescope could have rated, from its opto-mechanical form, as the first 
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Fig. 5.5. Lassell’s 1.22 m telescope set up in 1861 in Malta (reproduced from the 
original plate of [5.8]) 



modern reflector. But its speculum mirror still belonged to the pre-modern 
era. 

Another important telescope of this epoch which must be mentioned was 
built by James Nasmyth in about 1845. It had an aperture of 20 inches 
(51 cm) and two most important features (Fig. 5.6). These were, firstly, the 
use of the Cassegrain optical form, although Fig. 5.6 shows that a Newton 
focus was also available. Secondly, Nasmyth’s interest in the Cassegrain op- 
tical form was his modification of it to give the Nasmyth focus by adding 
a Newton-type flat to send the beam through the hollow altitude axis to a 
fixed focus position, if the observer turns with the azimuth turntable axis. 
This was a very important invention and makes this Nasmyth telescope the 
direct precursor of the ESO NTT. This 20-inch Nasmyth telescope, together 
with a 15-inch Newtonian-Cassegrain built by Thomas Grubb in 1835 for the 
Armagh Observatory, also represented the first successful manufacture of a 
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Fig. 5.6. James Nasmyth’s 20-inch Cassegrain-Nasmyth telescope about 1845 
(reproduced from King [5.2]) 
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convex Cassegrain secondary for a major telescope, almost 200 years after its 
theoretical invention by Cassegrain! Unfortunately, little clear information 
concerning the optical quality in the Nasmyth focus compared with the New- 
ton focus or other Newton telescopes seems to be available, since Nasmyth 
mostly observed the sun and moon rather than star fields. 

The last, and potentially the most impressive telescope of the speculum 
mirror era was the Melbourne reflector of 48-inch aperture. The responsible 
committee, chaired by Robinson, included Rosse, John Herschel and Lassell, 
the latter offering his own 48- inch telescope operating in Malta. The latter was 
refused, to the chagrin of Lassell, because a “more manageable” instrument 
[5.2] was desired. The basis of this decision was the clear recognition of the 
advantage of the Cassegrain form because of its telephoto property: a 1.22 m 
primary with f/7.5 and m 2 = —5.54. It is notable that, for the first time, a 
significant reduction in primary f/no compared with W. Herschel’s telescopes 
was attempted. This feature, combined with the Cassegrain form, presented a 
new dimension of optical manufacturing and testing difficulty. The contract 
was given to Thomas Grubb (working with his son Howard), who had in- 
vented the whiffle-tree support used by Rosse. He proposed a similar 27-pad 
support for the Melbourne reflector. No Newton focus was envisaged, which 
much simplified the visual access to the focus compared with the telescopes of 
Rosse and Lassell. Apart from the access advantage and that of the shorter, 
lighter tube, Robinson believed the convex secondary compensated the er- 
rors of the primary and produced a flatter image [5.2]. Table 3.3 shows that 
these statements are incorrect for a Newton and Cassegrain normalized to the 
same focal length, but the large telephoto effect was justification enough. The 
mounting, of the so-called English type as an equatorial, was an admirable 
concept (Fig. 5.7).^ The tube was a lightweight structure allowing full ven- 
tilation and reducing windloading. Since observation was in the open, this 
was an important feature. Note that the telescope had no fixed dome, only 
a sliding-roof weather protection, again a direction which is ultra-modern 
today for some of the most advanced telescopes. 

Had the committee taken the decision to equip the Melbourne reflector 
with the newly invented silver-on-glass mirrors, it would undoubtedly have 
been the first successful modern telescope. In fact, Robinson preferred the 
cautious approach of retaining speculum, believing that silver films of this 
size were too risky in the unfavourable climate of Melbourne [5.9]. This proved 
to be a fatally wrong decision. 

Shortly before the first edition of this book was published, my attention 
was drawn by Peter Hingley, Librarian of the Royal Astronomical Society, 

^ S.C.B. Gascoigne has kindly pointed out that the well-known print of Fig. 5.7 
does not, in fact, show the Melbourne telescope erected at its final destination in 
1869, but a preceding trial erection near Dublin in 1867. This is clear from the 
angle of the polar axis to the horizontal, which is more than 45°, corresponding 
to the latitude of Dublin (53.3° N). Melbourne has a latitude of 37.8° S. 



5.1 Major telescopes in the speculum mirror epoch to 1865 427 




Fig. 5.7. The 4-foot (1.22 m) Melbourne reflector erected in 1869 (reproduced 
from King [5.2]) 



London, to the existence of a marvellous engraving showing the casting of 
the first 48-inch speculum blank. I am most grateful to him that this can 
now appear in the second edition. The original appeared in Vol. XII of the 
Strand Magazine (London) in 1896, in an article in which Howard Grubb 
was interviewed. He was responsible for the casting operations in Dublin in 
1866, when the original engraving was produced. His account of the casting 
of the first blank is hair-raising. Two tons of metal were melted in a furnace 
fired by a mixture of coke and compressed peat. The dramatic nature of 
the operation is wonderfully shown in the engraving, reproduced in Fig. 5.8. 





428 5 Major telescopes from Lord Rosse to about 1980 




Fig. 5.8. The casting of the first 48-inch speculum blank for the Melbourne reflector (courtesy Royal As- 
tronomical Society, through Peter Hingley, original engraving reproduced in the Strand Magazine, London, 
Vol. XII, 1896, p. 372) 




5.1 Major telescopes in the speculum mirror epoch to 1865 429 

Howard Grubb describes it thus: “The metal was poured in about six seconds 
and the extraordinary spectacle is depicted in the illustration on the next 
page. Every man wore a large apron and gauntlets of thick felt, with an 
uncanny-looking calico hood, soaked in alum, drawn completely over his head. 
This hood was provided with large, glistening talc eyes. These weird figures 
flitted around in the ghastly light of the intense soda-flame that leapt from the 
great furnace, and the windows were filled with the eager faces of fascinated 
spectators”. The whole operation in the terrible heat lasted 24 hours, but this 
blank was a failure. However, the experience enabled the successful casting 
of the second and third blanks, which were the ones figured and used in the 
telescope. 

The early history of the application of chemical silvering on glass to tele- 
scope mirrors is given by King [5.2]. The first successful chemical silvering 
was displayed in 1851 at the Great Exhibition in London for decorative pur- 
poses, following a patent of Varnish and Mellish. This was refined in 1856 by 
the German chemist Liebig. The process was first applied to small telescopes 
by Steinheil in the same year, but independently and more strikingly by Fou- 
cault [5.10] to a 10 cm telescope (used as a test collimator) in 1857. Foucault 
then made a number of silver-on-glass reflectors up to 80 cm diameter, the 
larger ones profiting from his brilliant invention of the “knife-edge test” in 
1859 (see RTO 11, Ghap. 1). The largest, with 80 cm aperture, was completed 
in 1862 and is shown in Fig. 5.9 

Since the decision to use speculum in the Melbourne reflector was only 
taken in 1862 [5.13], five years after the successful completion of Foucault’s 
first glass telescope, it appears now as an almost inexcusable blunder, par- 
ticularly as Draper had also had successful results as early as 1858 [5.2]. The 
tarnishing problem was well-known in speculum and frequent re-polishing of 
the mirrors was required, an enormous complication which was completely 
avoided by silver-on-glass. The acceptance tests of the optics in 1868 claimed 
very high quality. For transport, the mirrors were protected by shellac. Two 
primaries, A and B, were supplied [5.13] and the incorrect removal of the 
shellac damaged the surface of primary A from the start. With primary B, 
the resolution was claimed to be fair and the reflectivity high. The climate 
of Melbourne, because of extreme temperature changes and damp, was very 
unfavourable to speculum; also the building gave inadequate dust and wind 
protection. Over 15 years a programme of observation of nebulae, following 
J. Herschel’s catalogue, was pursued, entirely with hand drawings. A pho- 
tographic attachment had been supplied but was useless at the very low 
Cassegrain relative aperture of f/41.6, above all with existing slow emulsions. 
The committee had failed to recognise the already well-known law in photog- 
raphy of unresolved extended objects whereby exposure time increases with 

^ I am most grateful to William Tobin for pointing out that King’s Fig. 108 is 
misidentified as Foucault’s 33 cm telescope. A complete account of Foucault’s 
telescopes is given in two papers by Tobin [5.11] [5.12]. 
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Fig. 5.9. Foucault’s largest (80 cm) silver-on-glass reflector, completed in 1862 
(reproduced from King [5.2]) 
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N^: the Cassegrain form was totally unsuitable for the astronomical pro- 
gramme pursued. Wind-shake was also a fatal problem with this long focal 
length. 

In 1874, primary A was re-installed and then gave good images: the pre- 
vious poor images were due to incorrect mounting in the cell, leading to con- 
straints and astigmatic errors of various types. In 1877 the director, Ellery, 
announced that the mirrors were so tarnished that re-polishing was essential 
[5.2]. Returning the mirrors to the manufacturer, Grubb, in Ireland was con- 
sidered impracticable. The technician accompanying the telescope, Le Sueur, 
who was supposed to deal with the optics, had left in disgust in 1870. Ellery 
attempted repolishing himself but lacked expertise, above all in testing. In 
1890, he claimed success, but the optics never functioned reasonably again. 

Much later (1953), the telescope was transferred to Mt. Stromlo where one 
of the primaries was dropped and smashed: the metal paid for a 50-inch glass 
blank to be worked into Schmidt-type optics. Subsequently, the remaining 
metal primary and the mounting were returned to Melbourne, intended to 
become a museum exhibit [5.13]. 

The story of the Melbourne reflector is correctly seen as one of the greatest 
tragedies in the history of the telescope. In 1904 Ritchey [5.2] [5.14] wrote: 
“I consider the failure of the Melbourne reflector to have been one of the 
greatest calamities in the history of instrumental astronomy; for by destroy- 
ing confidence in the usefulness of great reflecting telescopes, it has hindered 
the development of this type of instrument, so wonderfully efficient for pho- 
tographic and spectroscopic work, for nearly a third of a century”. 

Indeed, the lessons of the Melbourne reflector are fundamental and a 
warning for all subsequent telescope projects: 

- The dangers of a design by a committee rather than dedicated individuals. 
All previous successful telescopes (above all those of Herschel, Rosse and 
Lassell) were designed and built by enthusiasts who themselves optimized 
and used them. 

- The failure to involve the designer-manufacturer in the erection and op- 
timization of his telescope, in function, on site. 

- The failure to give authority and power to an astronomical director of 
sufficient enthusiasm, vision and astronomical and technical competence 
to ensure an astronomical programme suited to the nature of the telescope 
and the necessary technical expertise to maintain it. 

5.2 Glass optics telescopes up to the Palomar 200-inch 

As a result of the failure of the Melbourne reflector, the pendulum of the ri- 
valry of reflector versus refractor swung back for the last time to the refractor, 
culminating in the 36-inch Lick and 40-inch Yerkes refractors of Alvan Clark. 
Nevertheless, the reflector continued to make steady progress without repeat- 
ing the aperture achieved by Rosse (1.82 m) before the end of the nineteenth 
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century. In 1859 Foucault [5.15] invented the Foucault knife-edge test, the first 
scientific test of telescope mirrors of high sensitivity (see RTO II, Chap. 1). 
After 1865 silvered glass dominated mirror technology entirely. In spite of 
tarnish by sulphur and moisture and relatively poor reflectivity in the far 
blue, the ease of replacement and average high reflectivity compared with 
speculum made this one of the most important advances in the history of the 
reflecting telescope. It favoured the further development of the Cassegrain be- 
cause 2 reflections were much more acceptable. It was also much lighter than 
speculum, a heavy alloy. The further rapid development of photography also 
favoured the reflector because of its complete absence of chromatism. Fou- 
cault, Draper, Brashear, H. Grubb, With, Calver, Martin, Eichens, Gautier 
and Common were the principal successful manufacturers up to 1900. Calver 
made a 36-inch (91 cm) silvered glass mirror for Common in 1879. Common 
attempted to make a 5-foot (152 cm) Cassegrain using a blank with a hole 
cast in it. His work clearly revealed the problems arising from the relatively 
high expansion coefficient of normal plate (crown) glass (ca. 80x10”’^) and 
the far lower thermal conductivity than that of speculum. The project was 
abandoned before 1900, but the mirror was used and reworked later by Fecker 
in 1933. 

The most notable reflector of the pre-1900 period used the Calver 36- 
inch (91 cm) mirror, mounted as a Newton telescope by Common for Ed- 
ward Crossley’s private observatory near Halifax, England. This telescope 
was presented to the Lick Observatory in 1895 and re-figured and remounted 
by H. Grubb. The remarkable feature of this Calver mirror was its fast rel- 
ative aperture of f/5.8, an immense advance on the Melbourne reflector of 
f/7.5, which itself was a big advance on the values around f/10 - f/9 of Her- 
schel, Rosse and Lassell. From Eq. (5.1), the asphericity of the Calver mirror 
compared with similar sized mirrors of Rosse was a factor of about 4 times 
higher. 

The Crossley reflector, because of its high light efficiency at f/5.8 in the 
Newton focus, was really the first modern reflector and introduced modern 
astrophysics and cosmology above all through the work of Keeler. Keeler’s 
photographs with this telescope were the first to reveal large numbers of small 
or distant nebulae [5.2] [5.16]. The Mayall slitless spectrograph made excellent 
use of the Newton focus of the Crossley reflector for UV spectroscopy applied 
to faint nebulae. A photograph of the prime focus of this historic telescope, 
which is still in operation, is given by Dimitroff and Baker [5.17]. Figure 5.10 
shows the Crossley reflector at Lick with its new mounting. The rich harvest 
of astronomical results with this telescope, in spite of its modest size even 
when made in 1879, demonstrates the advantage of a dynamic and visionary 
astronomer (in this case James Keeler) in exploiting to the full the potential 
of a telescope. A beautiful account of Keeler’s life and work, evoking the 
extraordinary productivity of this period in the United States, is given by 
Osterbrock [5.18]. 
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Fig. 5.10. The 36-inch (91 cm) Crossley reflector, remounted at Lick in 1900 (cour- 
tesy Mary Lea Shane Archives of the Lick Observatory, through D. E. Osterbrock) 



The turn of the century introduced the work of one of the greatest of 
all telescope builders, George Ritchey. Excellent accounts of Ritchey’s career 
and achievements, above all due to the remarkable symbiosis with the or- 
ganisational genius of G.E. Hale, are given by King [5.2], Riekher [5.3] and, 
again in an admirably complete account, recently published, by Osterbrock 
[5.19]. Hale was instrumental in getting the 40- inch Yerkes refractor built but 
fully recognised the inherently greater potential of the reflector. Inspired by 
Draper, Ritchey had made a 23|-inch (60 cm) mirror with f/3.9 which he 
set up at Yerkes in 1901 after his appointment by Hale. Ritchey was greatly 
interested in photography and recognised that higher “speeds” were essential 
in telescopes intended for nebular photography. In exactly 40 years, the speed 
(f/no) of large primaries had progressed from = 9.2 (Lassell, 1861) to 7.5 
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(Melbourne reflector, Grubb, 1869), to 5.8 (Crossley reflector, Calver, 1879), 
to 3.9 (Ritchey, 1901). This revolution was just as important as silvered glass 
as the basis for the final triumph of the reflector in the twentieth century. It 
would not have been possible without Foucault’s invention of the knife-edge 
test. Figure 5.11 shows the 60 cm telescope at Yerkes. We said above, the 
Crossley reflector was the first modern telescope. This is true in the sense 
of its impact on astrophysics with f/5.8 in the Newton focus. But Ritchey’s 
60 cm at Yerkes was, in fact, the first telescope to possess all the following 
features characterising a modern telescope, albeit with a modest size: 




Fig. 5.11. Ritchey’s 60 cm telescope at Yerkes, 1901 (courtesy Deut- 
sches Museum, Munich) 
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- Glass mirrors (silvered) 

- A high speed primary (f/3.9) for photography (at a Newton focus) 

- A Cassegrain focus for spectroscopy with a fixed spectrograph 

- An open frame, completely ventilated tube 

- An equatorial mounting (German type with counterweight) 

Figure 5.12 shows another view of the 60 cm telescope taken with Ritchey 
himself observing at the Newton focus. This photograph was discovered by 
chance in a private house near the Yerkes Observatory late in 1998. D.E. Os- 
terbrock recognized that the figure was Ritchey, had the photograph cleaned 
and improved and kindly gave it to me for the second edition of this book, 
for which my grateful thanks. The brimless hat was typical for astronomers 
observing in the hard, winter conditions of that time (between 1901 and 
1904). 

Riekher [5.3] shows a reproduction of a famous photograph by Ritchey 
with a 4-hour exposure of the M31 nebula in Andromeda. Ritchey stopped 
the primary down to about | aperture to reduce the field coma, an experi- 
ment which led to his interest in, and understanding, later, of the aplanatic 
telescope. This photograph showed far more detail than ever revealed before, 
even with the 40-inch refractor used visually with an aperture 2.2 times as 
large. (For comparison, the 3.5 m NTT, which went into operation 88 years 
later, would achieve the same intensity at far higher resolution with a few 
seconds exposure on a modern CCD detector). 

With such results, the way was open for Hale and Ritchey to produce 
large telescopes of modern form. Hale had procured a 60-inch (1.52 m) plate 
glass blank of about 20 cm thickness from the St. Gobain glassworks in Paris. 
Ritchey’s optical work for this telescope, both in figuring techniques and test- 
ing (see RTO II, Chap. 1), represented a milestone. His method of parabolis- 
ing was conceived to avoid working the edge of the primary at all. In Eq. (5.2), 
we showed how the aspherising function can be chosen at will by slightly vary- 
ing the curvature of the reference sphere Cg relative to the vertex curvature 
Cp of the desired paraboloid. If 5z in (5.2) is set to zero for the mirror edge 
this 2-dimensional function for the difference is a minimum. In three di- 
mensions, however, this does not represent minimum removal of material and 
some material must be removed right up to the edge. Ritchey chose to give 
the reference sphere and the parabola the same slopes at the edge. Differen- 
tiating Zg and Zp and inserting Cp — Cg cz. 5r/r^ , where r is the mean radius, 
gives 

(<5’')iS5 = (5.3) 

for the necessary increase of the reference sphere radius Vg compared with 
Tp — 2f for the equal slope (ES) case. Ritchey’s mirror had a relative aper- 
ture of f/5.0, so Sr/r = 0.125%, a negligible effect on the focal length for a 
normal telescope. This technique of aspherisation gives maximum removal of 



436 5 Major telescopes from Lord Rosse to about 1980 




Fig. 5.12. Ritchey observing at the Newton focus of the 60 cm Yerkes reflecting 
telescope between 1901 and 1904 (courtesy Yerkes Obervatory, through D.E. Os- 
terbrock) 
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material at the centre of the mirror, a far better technique than that used by 
Rosse. 

Ritchey’s test methods will be discussed in RTO II, Chap. 1. The Foucault 
knife-edge test was systematically applied by zonal masking and measuring 
the radius of different zones, the difference between centre and edge zones 
corresponding to Eq. (5.3). Here we shall mention just one other aspect as an 
illustration of the care taken. The primary was not only tested in the normal 
way, at its centre of curvature, but also - as a null test - at its focus in 
autocollimation and double-pass with a plane mirror of similar size. A plane 
mirror of the necessary high quality and in a diameter sufficient for a 1.5 m 
primary was an undertaking in its own right. 

Similar care was taken with the support of the mirror. Both for the 60- 
inch and subsequent 100-inch telescopes, Ritchey systematically applied the 
astatic support concept of Lassell. 

Because of the greater size of the primary, Ritchey no doubt felt it prudent 
to relax the f/no of the primary to f/5.0 compared with f/3.9 for his 24-inch 
telescope. The 60-inch telescope had a remarkably versatile optical concept. 




Fig. 5.13. Ritchey’s 60-inch 
Mt. Wilson reflector: optical 
arrangement (courtesy Rolf 
Riekher) 
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as shown in Fig. 5.13. It was the first telescope to offer Newton, Cassegrain 
and coude foci, the coude focus being at the lower end of the hollow polar 
axis of a fork-type mounting. The Newton focus (b) has f = 25 feet; the 
Cassegrain arrangement for photography (c) f = 100 feet; the Cassegrain 
arrangement for spectroscopy (f) /' = 80 feet, and the coude arrangement 
(e) /' = 150 feet. The corresponding relative apertures are f/5.0, f/20, f/16 
and f/30, values which have set the style for most of this century. Figure 5.14 
shows the telescope, completed in 1908. Ritchey recognised the fundamental 
importance of avoiding temperature changes in the mirror and strict rules 
were established to achieve this by control of the conditions in the dome, 
based on experience with the adjacent Snow solar telescope. It was judged 
that images were as good as those obtained in the optical shop. The judgment 
on photographs at the Newton focus after 11 hours exposure was that very 
round images were obtained whose diameter was not greater than 1.03 arcsec. 
This set a new standard of optical quality, above all for a telescope of this size 
and speed. At last, a versatile, manoeuvrable telescope of very high quality 
was available with a size only surpassed (still) by Rosse’s 6-foot telescope of 
1845. The 60-inch telescope at Mt. Wilson spelled the definitive death-knell 
for the large refractor. The reflector was superior to the 40-inch refractor even 
for visual planetary observation, apart from its potential in photography at 
both Newton and Cassegrain foci. Together with W. Herschel’s 20-foot focus 
telescope, Ritchey’s 60-inch was arguably the greatest relative advance in 
astronomical observing potential ever achieved. None of the weaknesses of the 
Melbourne reflector prevented this potential form being fully realised. Ritchey 
himself was involved in the observing success and maintained close contact 
with the function of the telescope. With numerous aspects of modernisation, 
it is still doing good work today, 83 years after its “first light” . 

Anticipating the success of the 60-inch telescope while it was still to be 
built. Hale ordered in 1906 a similar blank of 100-inch (2.54 m) diameter 
which was delivered in 1908. Because of the high glass mass (4.5 t), the melted 
glass was poured from 3 separate pots leading to bubble concentrations at the 
joints. Ritchey at first refused to work the blank for fear the bubbles could 
provoke a breakage. Three further castings failed or were too thin, so Ritchey 
agreed to work the original blank after a statement by Day that the layer of 
bubbles strengthened rather than weakened it. Optical work started in 1910 
and took over five years. Test procedures were similar to those used for the 60- 
inch, except that a quantitative Hartmann test was added. The aspect ratio 
of the blank (diameter to edge thickness) was 8.0 and the relative aperture 
of the finished mirror f/5.1. The telescope has an English cradle-type mount 
(Fig. 5.15). This does not allow access to the pole but offered advantages of 
symmetry and rigidity. The optical forms available with Newton, Cassegrain 
and coude foci were very similar to the 60-inch (f/5.1, f/16 and f/30). 

The first test on the sky in 1917 by Hale and Adams [5.3], observing 
Jupiter, apparently condemned the telescope as a failure, giving an extremely 
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Fig. 5.14. Ritchey’s 60-inch Mt. Wilson reflector, 1908 (courtesy 
Donald Osterbrock and the Observatories of the Carnegie Institute 
of Washington) 
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poor image. This was due to lack of experience with the thermal inertia of 
a 4^ ton primary cast in classical plate glass with relatively high expansion 
coefficient. The problem was caused by preparatory work during daytime 
with sunlight and insufficient cooling time for the mirror at night. Just before 
dawn, an excellent image of the star Vega was observed. Classical plate glass 
blanks gave an immediate measure of the thermal equilibrium. Later blanks 
in low- or zero-expansion materials were not sensitive; but we shall see that 
the consequences for dome seeing could be just as disastrous. 

The light grasp of the 100-inch Mt. Wilson (Hooker) telescope was al- 
most 3 times that of the 60-inch. Together, these two telescopes transformed 
astrophysics and cosmology. The observations by Hubble and Humason in 
1924 of M31 in Andromeda, and other galaxies, resolved the outer stars suf- 
ficiently well to enable Cepheid variables to be observed and their distances 
determined. They proved definitively the “island universe” theory of William 
Herschel that spiral nebulae were external galaxies similar to our own Milky 
Way system. This led in 1929 to Hubble’s redshift law of the expansion of 
the universe and the Big Bang theory of cosmology. 

Recently, the 100-inch telescope has been taken out of service whereas the 
60- inch is still working. The pioneer work and greatest achievement of Ritchey 
was really in the 60-inch, the optics of the 100-inch being the extension of a 
brilliant concept and professional work of the highest level. Osterbrock [5.19] 
gives a fascinating account of the collapse of Ritchey’s relations with the Mt. 
Wilson management during and after the completion of the 100-inch and his 
subsequent, tragic estrangement from the American astronomical establish- 
ment. 

As after Herschel in 1789 and Rosse, Lassell and Foucault 60 years later, a 
period of consolidation followed the building of the 100-inch telescope before 
larger sizes were attempted. Notable telescopes were the 72-inch (1.83 m) 
Victoria reflector (primary f/5.0), the optics being made by Brashear, com- 
pleted In 1919; the 69-inch (1.75 m) Perkins reflector, 1932 (Fecker, primary 
f/4.3); the 74-inch (1.88 m) Dunlap reflector (Grubb-Parsons, primary f/4.9), 
and the 82-inch (2.08 m) McDonald reflector (Lundin, primary f/4.0). Beau- 
tiful and powerful though these telescopes were, their optics represented no 
significant advance over Ritchey’s achievements. The most notable feature 
was the use of Pyrex (low expansion glass - see RTO II, Chap. 3) blanks for 
the primaries of the Dunlap and McDonald telescopes, completed in 1933 
and 1939 respectively. The McDonald telescope had the fastest large primary 
(f/4.0) yet made; but this was a fairly modest advance over the 100-inch 
f/5.1, bearing in mind Ritchey’s 24-inch, f/3.9 finished in 1901! Although 
of smaller size, two telescopes by Carl Zeiss Jena were noteworthy, aim, 
f/3.0 telescope for Bergedorf in 1911, and a 1.22 m with Newton f/6.9 and 
Cassegrain f/19.7 in 1915. The latter (subsequently moved to the Crimea) 
was the largest telescope in Europe for 30 years, but, in contrast to the very 
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Fig. 5.15. The 100-inch Hooker telescope at Mt. Wilson (1917) (courtesy 
Deutsches Museum, Munich, and acknowledgement to the Observatories of the 
Carnegie Institute of Washington) 
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Fig. 5.16. Pease’s concept for a 300-inch (7.5 m) telescope in 1921 
(reproduced from Dimitroff and Baker [5.17], courtesy Churchill 
Livingstone, Edinburgh) 



short telescope for Bergedorf, was an outdated optical concept (too long) 
compared with Ritchey’s telescopes. 

Ritchey’s dream was to build still larger telescopes than the 100 inch. He 
already understood two central problems: the manufacturing and, above all, 
thermal problems of larger massive (solid) glass blanks; and the problems of 
field coma with faster parabolic primaries. In 1921 Pease [5.20] made pro- 
posals for a 300-inch (7.5 m) telescope (Fig. 5.16). Ritchey moved in 1924 to 
Paris [5.19] and worked on lightweighted blanks, taking up the idea in glass 
proposed originally by Rosse for metal. He produced two 30-inch blanks [5.3] 
and proposed to use such mirrors (Fig. 5.17) for a vertical siderostat tele- 
scope (suggested by Foucault in 1869) using a 6 m plane mirror to feed a 5 m 
primary. His contact with Chretien had convinced him that the aplanatic 
form of the Cassegrain, which became known as the Ritchey-Chretien (RC) 
form, was the optimum for such a giant telescope. In 1927, while working 
in France [5.3] [5.19], he successfully made the first RC telescope, with the 
modest aperture of 0.5 m. 

Returning to the USA in 1930, he concentrated on the manufacture of a 
larger RC telescope of 1 m aperture, discussed in Chap. 3. The data, as quoted 
by Bahner [5.21], reflected Ritchey’s deep perception of the photographic 
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Fig. 5.17. George Willis Ritchey in Paris, 1927, with a built-up 
cellular mirror disk (courtesy D. E. Osterbrock, photograph by 
James Stokley) 




requirements of the time with f/4.0 to f/6.8 (m 2 = — 1-7) giving an aplanatic 
field of 1.5° diameter. The value of Ra was about 0.4, so we have from 
Eq. (3.114) combined with (2.72) 



{bsl)RC = -1 - 



2Ra 

(1 - RA)ml 



-1.46 , 



a very high asphericity because of the low value of m 2 . This extreme form of 
RC, giving relatively high obstruction and increased difficulty of figuring and 
testing, was not chosen without good reason: Ritchey wished to achieve the 
highest speed possible in the RC focus for photography. Such an eccentric 
primary at f/4.0 was, at that time, at the limit of even his technological 
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possibilities. The telescope was finished in 1934 and represented yet another 
brilliant technical achievement, effectively the last in his remarkable career 
before he retired in 1936 [5.19]. An excellent photograph of Ritchey with this 
primary is shown by Ingalls [5.22]. 

The consequences of Ritchey’s advanced design were not fully understood 
at the time and the telescope did not produce notable photographic results 
until much later [5.19]. In 1971 the original optics were replaced by RC optics 
of essentially the same design, but made from ULE fused quartz to lower 
the thermal sensitivity, and with a substantially larger secondary to reduce 
the vignetting in the field which was, above all, a serious disadvantage for 
photographic photometry^. The centering tolerances of the Ritchey layout 
are appreciably more critical than for normal Cassegrain telescopes, which 
has sometimes led to the assumption that this is a general negative property 
of RC telescopes. This is not a correct interpretation, as we may see from 
Eq. (3.364) for the lateral coma (mm) produced by transverse decenter S 
(mm) of an RC telescope: 



{Comat)s,RC 



3 7712 



{ml - 1 ) + 






S 



The first term in the square bracket is that corresponding to a classical 
Cassegrain (parabolic primary) and the second term is the RC supplement. 
Converting to arcsec with 

^ ^ 206 265 

{Comat) arcsec = {Comatjlat -Jl ’ 

we have in Table 5.1 the decentering coma values in arcsec corresponding 
to (5 = 1 mm for the case of the 60-inch Mt. Wilson, 80-foot focal length 
Cassegrain focus (m 2 = —3.2) and the case of Ritchey’s RC telescope. We 
see from this table that the increase in coma due to the optical geometry of the 
Ritchey 40-inch as a classical telescope is a factor 2.16 whereas the increase 
due to its (extreme) RC form is a further factor of 1.88. As illustrated in 
Chap. 3, the latter factor is only about 1.05 for modern RC telescopes with 
much higher m 2 and lower Ra- 



® The original Ritchey optics were lent to the Vienna Observatory in 1971 and 
were subsequently (1978) used in a 1 m telescope named after Doppler. 

I am deeply grateful to Dr. D. Osterbrock of Lick Observatory and Dr. R. Walker 
of the US Naval Observatory for the above information concerning the motiva- 
tion for replacing the original Ritchey optics and the nature of the change. The 
thermal sensitivity of the original optics was probably mainly due to Ritchey’s 
use of a “low-expansion glass” from St. Gobain with expansion “about one-half 
that of crown glass” . This was a useful improvement in expansion compared with 
the 60-inch and 100-inch plate-glass blanks, but was inferior to the Pyrex of the 
time. The strong vignetting of Ritchey’s secondary was probably due to his desire 
to reduce the central obstruction to a minimum and the fact that photographic 
photometry only later developed its full potential. 
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Table 5.1. Comparison of the lateral decentering coma with 
5=1 mm of the 60-inch Mt. Wilson telescope and Ritchey’s 
40-inch RC telescope for the US Naval Observatory 



Case 


Transverse 
decentering 
coma (arcsec) 
5 = 1 mm 


60-inch Mt. Wilson 
80-foot focus classical Cassegrain 
(m2 = -3.2; f/16) 


0.183 


Ritchey’s 40-inch RC 
(m2 = -1.7; Ra = 0.4; f/6.8) 
a) As RC 

b) As a classical Cassegrain 


0.744 

0.395 



The manufacturing achievement of Ritchey with the 40-inch RC telescope 
should be judged from the fact that this was the first time in 300 years 
that a primary had been manufactured with a form other than the parabola 
prescribed by Descartes, apart from his own experimental RC telescope of 
half the aperture completed in France in 1927. Ritchey had to rely largely on 
zonal testing at the centre of curvature since an autocollimation test against 
a plane mirror at the focus was no longer an automatic null test. 

In the 1930’s, two Schwarzschild telescopes were manufactured in the 
United States, a 24-inch for the University of Indiana and a 12-inch for 
Brown University [5.17]. The problems of obstruction and length made the 
Schwarzschild form less attractive than the RC form. 

Apart from Ritchey’s and Pease’s ideas for giant telescopes. Hale himself 
was determined to advance further than the 100-inch Mt. Wilson telescope. 
Although he was attracted to the visionary plans of Pease for a 300-inch 
telescope, he finally settled for a 200-inch [5.2] [5.3]. This was a wise decision, 
as it already represented a step of a factor of two in diameter. The whole 
history of the reflector showed that even this represented a high risk. The 
fundamental issue, as always, was the nature of the primary mirror. This 
decision (on its structure) was taken in 1928, the site on Mt. Palomar was 
decided in 1934. We shall confine ourselves here to a brief account of the 
optical aspects of this remarkable telescope. Apart from excellent accounts 
by King [5.2] and Riekher [5.3], an overall review was given by Bowen [5.23]. 
General accounts are given by Woodbury [5.24] and Wright [5.25]. 

Hale and his colleagues, reinforced by the experience of Ritchey, realised 
that a massive glass blank of the 100-inch type would not only weigh about 
40 tons but would lead to insoluble thermal problems - a nine year cooling pe- 
riod of a massive Pyrex blank was estimated! Many materials were considered, 
the first choice being fused quartz and the second Pyrex. Pyrex was made 
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by Corning for ovenwear and had normally an expansion about one third of 
that of plate glass, while quartz was some 6 times as favourable as Pyrex (see 
RTO II, Chap. 3). Between 1928 and 1931, Elihu Thomson of G.E.C. pursued 
the development of fused quartz and made two 60-inch blanks. Because of 
the high cost of the programme and the limited size achieved, fused quartz 
was abandoned in favour of Pyrex. It was not until 20 years later that the 
solution of welding together segments of fused quartz led to the use of this 
material in large blanks. 

Pease had made a design for a lightweighted blank with ribs and cylin- 
drical bores for the support system. This reduced the weight of the 200-inch 
(5 m) blank by a factor of 2 to about 20 t, the worked face being only 12 cm 
thick (Fig. 5.18). The contract was given to Corning in 1931. A form of Pyrex 
was used with 80.5% Si02 content [5.3] giving an expansion coefficient only 
about 3 to 4 times that of fused quartz [5.2] instead of the normal 5 to 6 times. 
Several intermediate blanks were cast, including a 120- inch finally used for the 
Lick 120-inch reflector. The first 200-inch blank was cast in March 1934, but 




Fig. 5.18. The primary of the 200-inch Mt. Palomar telescope in testing position 
with John A. Anderson (left) and Marcus H. Brown (courtesy Palomar/Caltech) 
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was considered unacceptable because mould cores broke loose and remained 
in the blank. The cores were then cooled and fixed with chrome-nickel steel 
attachments for the second casting in December 1934. This was successful, as 
was the cooling and annealing over an 8-month period. In March 1936, this 
second blank was transported by rail to Los Angeles. Hale died in 1939 and 
did not see the completion of the project. But the successful completion of the 
blank was the most fundamental and critical step, justifying his confidence 
in the entire project. 

For the optical work, starting in 1936, much of Ritchey’s technology was 
taken over. The basic test in achieving the parabolic form was again a zonal 
test of the differences of radii of curvature. Aspherising was a much greater 
task than with Ritchey’s 100-inch primary because the relative aperture was 
f/3.3, easily the fastest large mirror ever figured at that time. The difference 
between sphere and parabola according to Eq. (5.1) is 0.136 mm. This was too 
large to be removed by polishing alone; alternate fine grinding and polishing 
for testing was performed, a slow and laborious process directed by Anderson, 
Brown and Hendrix. The second world war caused a further delay and the 
mirror was not finished until 1947. 

Apart from the introduction of low expansion borosilicate glass (Pyrex), 
the 1930’s saw another major revolution in the technology of the reflecting 
telescope: vacuum evaporation of aluminium to replace chemical silvering. 
Apart from much improved reflectivity in the UV, the protection by translu- 
cent oxide gave a coating much more robust against tarnish (see RTO II, 
Chap. 6). A special coating plant for A1 was built in Palomar. The primary 
was first tested in the telescope by Anderson in December 1947. Lengthy 
adjustments of the complex support system followed. This support system 
comprised 36 supports, combining both axial and lateral functions, inset into 
the cylindrical bores. The mirror had been left with a “turned-up edge”, 
a trend often encouraged by opticians to avoid the dreaded “turned-down 
edge”, requiring repolishing of the whole surface for its correction. It was 
hoped that the turned-up edge would compensate in function in the cell. 
This was not the case. In May 1949 the primary was removed and the edge 
zone retouched by hand, only 9 hours work but spread over 6 months be- 
cause of careful testing. In November 1949 it was declared finished and the 
telescope started operation in 1950. 

Figure 5.19 shows one of R.W. Porter’s famous drawings of the Palomar 
telescope. The horseshoe equatorial mounting was a direct modification of 
the 100-inch cradle mount to permit access to the polar region. The aperture 
was large enough, for the first time, to include a prime focus cage for the 
observer, rather than a Newton focus. As discussed in Chap. 4, the PF field 
was limited to about 12 mm diameter by field coma and this was extended by 
factors up to about 12 by the Ross correctors giving final apertures from f/3.6 
to f/6.0. The Cassegrain system was f/16, giving m 2 = —4.85, quite typical of 
present day telescopes. The coude focus (f/30) is reached either by one plane 
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Fig. 5.19. The Palomar 200-inch (5 m) telescope as drawn by R.W. Porter (cour- 
tesy Palomar/Caltech) 
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mirror of variable rotation angle sending the beam down the polar axis; or 
via three plane mirrors if the telescope is observing near the pole [5.3]. An 
important featnre for the optical quality was the so-called Serrnrier truss, 
a tube design due to M. Serrnrier which compensated lateral decentering 
coma by equal lateral sags of the tube at the secondary and primary. This 
is discussed further in RTO II, Chap. 3 in connection with active optics. The 
success was measured by the result that, for all positions of the tube, the focus 
of the primary did not vary from its mean position by more than 25 /rm [5.2]. 

In 1950, one of the first photographs of a galaxy using the Ross field cor- 
rector was published [5.26]. It showed NGC 147 clearly resolved, the small- 
est star image being slightly more than 0.5 arcsec in diameter, confirming 
the excellent quality of the primary and the potential of the telescope. The 
100-inch could only resolve this “nebula” with red-sensitive plates. Riekher 
[5.3] quotes the workshop tested quality of the Palomar primary as 68% of 
the geometrical optical energy within 0.5 arcsec and 95% within 1.0 arcsec, 
which agrees well with the above result, bearing in mind the addition of the 
Ross corrector. 

From the point of view of telescope optics, the following features of the 
200-inch were particularly notable compared with its 100-inch predecessor: 

- The primary material (low expansion Pyrex) 

- The primary structure (lightweighted) 

- The primary relative aperture (f/3.3 instead of f/5.1) 

- The primary support (36 supports performing axial and radial functions 
- see RTO II, Chap. 3) 

- The A1 reflecting coat 

~ The use of field correctors in the PF 

- A very large dome and building including all facilities 

The next section will show what a remarkable advance it was, bearing in 
mind that all of these features were determined in the 1930’s. 



5.3 Reflectors after the 200-inch Palomar Telescope 
up to about 1980 

As always, after a major advance, there followed a period of consolidation, 
prolonged in this case by the aftermath of the second world war. 

One of the earliest projects was also the biggest of all: the USSR 6 m 
telescope in the Caucasus mountains (Mt. Pasthukhov, Zelenchuk). The op- 
tical concept essentially goes back to Maksutov in 1952, who proposed a 6 m 
parabolic primary working at f/4.0. Maksutov considered a steeper primary 
would give unacceptable problems of aspherising. Now Eq. (5.1) shows that 
the aspherisation required is a linear function of aperture and an inverse cube 
function of the f/no; therefore that required for an f/4 mirror of 6 m aperture 
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is only about two thirds of that for an f/3.3 mirror of 5 m aperture. Viewed 
like this, since the successful results of the Palomar 5 m telescope were known 
in 1952, the optical layout at f/4 must be seen as cautious. More important 
was the nature of the 6 m blank. Like Couder in France [5.27], Maksutov 
had been experimenting with metal mirrors since the thirties [5.3]. Speculum 
(bronze) is too heavy to be of modern interest, but aluminium, stainless steel 
and beryllium, among other possibilities, are extremely interesting because of 
their better thermal conductivity than glass. These possibilities are discussed 
in detail in RTO II, Chap. 3. Maksutov pleaded for a metal mirror for the 
6 m. However, the choice finally was a low expansion glass similar to Pyrex. A 
meniscus form was chosen with a thickness of 650 mm, without lightweighting. 
The glass volume was thus three times higher than for the Palomar telescope 
with correspondingly longer cooling period. The blank manufacture was per- 
formed between 1963 and 1968, the weight being 42.7 tons. The optical work 
was finished in 1974. Careful test results, both with an interferometer and by 
Hartmann testing, gave 62% geometrical energy concentration in 0.5 arcsec 
and 91% in 1.0 arcsec, values almost as good as Palomar. The first tests in the 
telescope were performed in 1975. Since the demands on optical quality had 
been made more severe for other telescopes of this period compared with the 
Palomar 5 m (a specification from the thirties), a second borosilicate blank 
was cast and worked, to higher quality. This was inserted in the telescope in 
1979. However, the thermal inertia of a massive glass blank of this size is so 
large that this set the practical limit of quality achievable. It was intended 
to replace this second borosilicate blank by a blank in glass ceramic (Rus- 
sian “Astro-Sitall”), a zero expansion material which had become available 
about 1970 in the western world (see RTO II, Chap. 3). Apparently, it has 
not proved possible to cast such a huge glass mass in this material with- 
out breakage, which is confirmed by the experience of Schott in Germany 
(RTO II, Chap. 3). The solution would be a much thinner blank controlled 
actively (RTO II, Chap. 3) , but the 6 m telescope is a concept of an earlier 
period. I visited the telescope in 1984 and was given information on the qual- 
ity in a very open and friendly spirit. The three aspects limiting the optical 
quality are apparently: 

- The thermal inertia of the mirror 

- The thermal conditions in the dome 

- The site, for which the seeing was less good than hoped 

The average image quality was quoted as better than 2^ arcsec and the best 
about l| arcsec. 

From an optical point of view, the 6 m telescope (Fig. 5.20) is less advanced 
than the 5 m Palomar telescope. But from the point of view of mechanics and 
controls it was epoch-making. This was above all due to B. K. loannisiani, 
the most determined proponent of the Alt-Az mounting [5.3]. The control 
system to solve the 2-axis tracking problem was the work of N. Michelson and 
O. Melnikov. This bold decision was a great success and a strange contrast 
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Fig. 5.20. The Russian 6 m telescope at the Zelenchuk Observatory in 
the Caucasus (courtesy “Ciel et Espace” , Paris, through Serge Brunier) 
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with the western world where, in spite of a fully developed industrial base 
in electronics, the courage to take the logical step back to the compact and 
gravity-symmetrical Alt-Az mount was lacking for a whole generation. For 
this reason alone, the 6 m will go into telescope history as a great telescope. 
Furthermore, we must remember that the somewhat mediocre optical quality 
is compensated by the huge size. 

Another, smaller telescope of the post-Palomar epoch should be men- 
tioned: the 3 m Lick reflector. This was commenced in 1946 on the basis of 
the availability of a 3 m Pyrex blank originally cast in the Palomar 5 m blank 
development programme (see §5.2). Originally, it had been intended for an 
autocollimation test flat, but this was abandoned. The thickness of this blank 
was such that a relative aperture no faster than f/5 could be made, giving 
a basic optical geometry and tube format no shorter than those of the Mt. 
Wilson 60-inch and 100-inch telescopes. The telescope is just big enough for 
a PF cage. A notable aspect of the optics of this telescope is that the first 
really complete scientific Hartmann test of a large reflector in function was 
performed by Mayall and Vasilevskis [5.28] (see RTO II, Chap. 2), following 
the forerunner work of Bowen [5.29] on the 200-inch Palomar telescope. In 
their most favourable test at the PF, the final quality of the primary was 
given by the geometrical energy concentrations 70%, 95% and 97% in 0.34, 
0.68 and 1.35 arcsec diameter respectively. This set a manufacturing quality 
standard of dgo — 0.40 arcsec for the 80% energy concentration which was 
applied for a whole class of succeeding telescopes. 

The optical geometry of a whole generation of telescopes was effectively 
determined by a notable paper by Bowen in 1967 [5.30]. He considered the 
optical layout of a telescope at a time when the photographic plate, as the 
basic detector for nearly 100 years, was being rapidly replaced by photomul- 
tipliers for single objects or image-intensifier tubes of various sorts for small 
fields. The long refractors with f/15 to f/20 were admirably suited to visual 
observation if supplemented by a relatively cheap battery of eyepieces. The 
slow photographic plates at the beginning of the century forced the revolu- 
tion in the speed of primaries because exposure times of galaxies and nebulae 
for speeds slower than about f/6 were unacceptably long. This dominated 
Ritchey’s thinking and led to his first RC telescope with f/6. 8 following his 
f/5 primaries for the 60- and 100-inch classical telescopes. Bowen’s analysis 
rationalised the known fact that, while the rate of accumulation of quanta of 
a photographic plate depended only on the aperture, the limiting magnitude, 
as determined by the information capacity of the photographic plate, is pri- 
marily a function of the focal length. For the “unbaked” plates of the time, 
with an efficiency less than 1%, Bowen concluded that the focal ratio for 
direct imaging at the Cassegrain focus should be f/8 - f/10. For spectroscopy, 
which is less critical in the sense that the sky background is so diluted as to 
become negligible, such a focal ratio was favourable to pixel matching and 
echelle spectrographs. These f/nos were also suitable for photomultipliers. At 
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the prime focus, he considered the focal length for direct imaging should be 
about 6-10 m, giving in 100-inch to 200-inch telescopes relative apertures 
between f/1 and f/4. 

Out of this analysis emerged the concept of the Bowen-type telescopes 
with an optical geometry of about 



in the prime, Cassegrain and coude foci respectively. The magnification m 2 = 
—8/3 gave reasonable obstruction ratios for normal image positions of the 
Cassegrain image behind the primary. From Eq. (2.86) 



with b ~ b/f[, b being positive and f[ negative (see Fig. 2.12). With b typically 
about —0.13, we have Ra — 0.31, giving with normal fields an obstruction 
from the secondary of the order of 0.35. A PF of f/3 was only 10% steeper than 
the 200-inch Palomar primary, but few opticians had experience of working 
large mirrors as steep as this and there was a general reluctance in the 1960’s 
to go much steeper than Palomar. 

The Bowen geometry was a big driver for the RC telescope since clas- 
sical photography with large plates at the Cassegrain focus was considered 
an essential feature, requiring fields of 0.5° diameter or more. In view of the 
success of the Ross correctors at the PF of the Palomar 200-inch, interest in 
PF field correctors was strong and converged out of the work described in 
Chap. 4 on a general requirement of a 1° diameter field for classical photogra- 
phy. The photographic plate experienced a certain resurgence of interest with 
the introduction of “baking” plates in nitrogen or forming gas to drive out 
water and increase the quantum efficiency from less than 1% to possibly 4-5% 
at maximum. A number of optical forms emerged for a range of telescopes 
all having apertures in the class 3.5-4 m, thereby large enough to permit a 
PF cage. The solutions chosen ranged from a classical form with a parabolic 
primary through a strict RC form to various quasi-RC forms, usually with 
primaries somewhat more eccentric than that prescribed by the RC form. 
The motivations were essentially as follows: 

a) Classical telescope with parabolie primary 

The principal motivation was the use of the naked primary without corrector 
for direct imaging at the PF. The limitation of field coma is, of course, very 
severe at f/3. From (3.87) we have for the field coma of the parabolic primary 



//3,//8,//30 



which can be written in the form 
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Converting into angular aberration from (3.198) gives with n' = 
expressed in arcsec 



, 3 X 

{SUp)comat — 



arcsec 



— 1 and Upri 



(5.4) 



With the Bowen prescription of iVi = —3.0, Eq. (5.4) gives a field coma of 
1 arcsec for a field diameter of 96 arcsec. For a primary with D = 3.5 m 
working at this relative aperture, the corresponding linear field diameter is 
only 4-9 mm. Apart from the fact that a coma limit of 1 arcsec is generous 
by today’s standards, such a linear field is very small for practical use and 
demands very accurate centering of a detector of similar size. 

A second motivation often quoted is that the classical telescope is easier 
to manufacture. This matter is dealt with in RTO II, Chap. 1. With modern 
methods of manufacture there is a negligible advantage of a parabolic primary 
over an RC for the primary and only a modest advantage for the secondary: 
this argument is no longer valid. 

So far as correctors are concerned, as was shown in Chap. 4, there is no 
advantage of the classical telescope, either in the prime or Cassegrain foci. 

The only significant advantage is for the coude with its high N, typically 
f/30 or longer. It should be recalled that the classical and RC solutions con- 
verge for an afocal system. It follows that the classical telescope is nearly 
aplanatic for coude foci with high m 2 values, whereas RC solutions have con- 
siderable field coma. However, this would not normally be decisive as coude 
systems work with fixed spectroscopic equipment and small fields. 



h) RC solution 

This has the obvious advantage of being aplanatic in the Cassegrain focus, 
giving good field correction over about 0.5° diameter if field curvature is 
ignored and astigmatism is the limitation. 

The over-correction of the primary is a help in the design of PF correctors 
(see Chap. 4), although the advantage is modest for modern systems with high 
values of m 2 . 

The coude is less favourable for field coma, but this may not have much 
weight in the decision (see a) above). 

c) Quasi-RC solutions 

These were discussed in Chap. 4 and consist in optimizing the Cassegrain 
focus by departing from the RC form when using a corrector. Normally, the 
axial performance (spherical aberration) is negligibly affected by the correc- 
tor. 

Such solutions given optimum performance at the Cassegrain focus with 
corrector, e.g. with a Gascoigne aspheric plate and field flattener. Without 
corrector, there is some field coma. 

Since the primary asphericity is normally somewhat increased, these so- 
lutions are also more favourable for PF correctors. 
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The coude is slightly worse than the RC solution, but the difference is 
small. 

The telescopes listed in Table 5.2 show examples of all these solutions. The 
successful manufacture of a number of RC or quasi-RC telescopes of modern 
design to high optical standards must be seen as a major consolidation of 
telescope optical technology following the Palomar 5 m, even though all these 
telescopes were smaller. Equally notable, probably even more so, was the 
application of zero- expansion or nearly zero- expansion glasses to the optics 
(RTO II, Chap. 3). In the 1950’s and I960’s, the technology of fusing quartz 
segments (boules) was perfected, the first major blank being the 4 m blank 
for the Kitt Peak Mayall telescope, made by the General Electric Company. 
Normal fused quartz has an expansion coefficient of about 5T0"^, about one 
sixth that of borosilicate glass (Pyrex). Glass ceramic was invented in the 
1950’s at Gorning, but since then Corning has concentrated on fused quartz 
blanks, above all in the form of ULE quartz (Ultra-Low Expansion) with an 
expansion coefficient of about 1-10“^, only about 1% of that of plate glass. 
Glass ceramic has a coefficient effectively zero, but is slightly temperature 
dependent. Originally made by Owens Illinois under the name Gervit, it is 
now made above all by Schott in Germany under the name Zerodur, also in 
Russia (Sitall) and Ghina. These materials are discussed in detail in RTO II, 
Ghap. 3. 

Table 5.2 is very instructive in revealing the trends of the time. The most 
significant advances in the optics were the switch to very low or zero ex- 
pansion glasses for the primaries and the successful manufacture of RG or 
quasi-RG mirror forms. The blanks are all massive as compared with the 
lightweighted type for Palomar. This was no longer significant for blank dis- 
tortion from thermal effects, but has often proved disadvantageous from the 
effects on the local air due to the high thermal inertia of the primaries. The 
ability to manufacture RC systems successfully was essentially due to null (or 
compensation) testing introduced by Dali in 1947 [5.46] [5.47], although the 
basic idea was already published by Couder in 1927 [5.48] but its significance 
was not then understood. This will be treated in detail in RTO II, Chap. 1. 

Also of significance for the optics is the mounting. The reluctance in 
the western world to follow the Alt-Az development initiated in the 1950’s 
and 1960’s for the Russian 6 m telescope has been mentioned above. The 
retention of equatorial mounts increased the volume and hence the air mass 
in the domes, thereby giving greater problems with dome seeing. The 4.2 m 
William Herschel Telescope (WHT) was the second large telescope to have an 
Alt-Az mount. It also pushed the f/no of the primary to f/2.5. This advance 
from f/3.3 of Palomar took 50 years. 

The relative conservatism of this period was to some extent explained by a 
legitimate concentration of effort on electronic detectors. The culmination has 
been the CCD (Charge Coupled Device) which has increased the efficiency 
compared with unbaked plates by almost 2 orders of magnitude. This has 



Table 5.2. Principal optical characteristics of major telescopes following the Palomar 5 m telescope and with a conventional optical 
concept 
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^ The original blank of the Isaac Newton Telescope (INT) primary was made by Corning in 1936 for the Michigan Observatory in the 
course of work initiated for the Palomar 200-inch telescope, but the proposed telescope was never built. The blank was presented to 
the INT project in 1949 [5.33]. I am extremely grateful to Dr. R. Bingham for information about this blank and confirmation that it 
was massive. He also kindly drew my attention to the publication [5.34], the most complete on the original INT. 
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meant the photon efficiency of a 50 cm telescope equipped with a CCD can 
rival the Palomar 5 m with classical plates! 

Site selection also made a major advance. The sites in Chile established 
1 arcsec as the criterion of “good” seeing. As a result, the specification of 
all the Bowen-type telescopes was dgo ~ 0.5 arcsec at the Cassegrain focus. 
Polishing and test techniques were developed to deliver this quality even with 
primaries in the range f/3.0 - f/2.5. 

Apart from the WHT, because of its more advanced Alt-Az mount, none 
of the 6 standard Bowen-type telescopes listed in Table 5.2 has any major 
feature, either optical or mechanical, which distinguishes it from the others. 
However, such telescopes allowed the Europeans to recover their position, in 
both telescope technology and observation, which they had lost to the USA 
at the turn of the century. As arbitrary examples, two of these telescopes 
are shown here, the 4.0 m Kitt Peak telescope (Fig. 5.21; see also Pasachoff 
[5.49]) and the 3.6 m ESO telescope (Fig. 5.22). The building-dome concept 
of all these telescopes was also similar, following closely the Palomar 5 m 
tradition (see Fig. 5.23). 

The Bowen telescopes [5.30] were originally conceived for photography 
with plates at the Cassegrain (RC) focus. In fact, although most of them had 
provision for such photography, very little of it has been done at these foci 
because photography at the PF at about f/3 was some 6 to 10 times more 
rapid for extended objects. PF correctors have therefore had much more sig- 
nificance for these telescopes than Cassegrain correctors. As we discussed in 
detail in Chap. 4, PF correctors are rendered easier by the overcorrection of 
the RC primary; but modern RC designs with high values of m 2 have only 
small departures from the parabolic form, so this advantage is no longer very 
significant. This situation has led to statements, e.g. by Learner [5.50], that 
the RC telescope had run its course by 1980 after a relatively brief 50 year 
period of partial supremacy over the classical Cassegrain. This is a view I 
personally do not share, since the RC form is no more difficult to manufac- 
ture with modern techniques and the field quality has technical advantages in 
active telescopes (see RTO II, Chap. 3), apart from the astronomical signifi- 
cance of better correction in the field for rapidly increasing electronic detector 
sizes. 

The 4.2 m WHT (Fig. 5.24) followed this trend in the Anglo-Saxon world 
and has the classical Cassegrain form. It was the last, and most notable 
telescope to be built by the famous firm of Grubb-Parsons, which ceased 
operations after its completion about 1985, thus ending a tradition going 
back to William Parsons (Lord Rosse) and Thomas Grubb. 

A number of large Schmidt telescopes were also built in this period. The 
Palomar Schmidt with 1.22 m aperture of the corrector was completed in 
1948 and was a notable advance in size. The mirror has a diameter of 1.80 m 
and works at f/2.5. In 1960 the 1 m Schmidt telescope for the Bjurakan 
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Fig. 5.21. The 4.0 m Kitt Peak telescope (courtesy National Optical Astronomy 
Observatories, Tucson) 
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Fig. 5.22. The 3.6 m ESO telescope (courtesy ESO) 
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Fig. 5.23. The building of the 3.6 m ESO telescope with the smaller building of 
the 1.4 m Coude Auxiliary Telescope (CAT) on La Silla (2400 m) (courtesy ESO) 



Observatory in the USSR was completed with a mirror working at f/2.1. The 
nominal fields of these telescopes were 5° to 6° diameter. 

The largest Schmidt telescope yet built emerged from the difficult post- 
war period in the (then) GDR. The concept was laid down by Kienle [5.3] 
in 1949 for a “Universal Telescope” combining the properties of Schmidt 
and classical telescope conceptions, since the means for building separate 
instruments were not available at that time. Figure 5.25 shows the original 
concept. The Schmidt corrector plate has a diameter of 1.34 m free aperture, 
the largest yet made. The glass is UBK7 and the thickness 40 mm. The 
spherical primary has a focal length of 4 m giving an f/3 Schmidt telescope 
with a field of 5° diameter. The Schmidt plate can be removed allowing, 
in the original concept, an f/2 PF with a doublet corrector (never realised) 
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Fig. 5.24. The 4.2 m William Herschel Telescope (WHT) with its Alt-Az mount- 
ing on La Palma (Roque de los Muchachos 2400 m) (courtesy Royal Greenwich 
Observatory, through Richard Bingham and Peter Andrews) 
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Fig. 5.25. The original optical layout of the “Universal Telescope” of the Karl- 
Schwarzschild Observatory at Tautenburg, Germany (courtesy Rolf Riekher) 
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for the spherical primary, an f/11 Nasmyth focus and an f/46 coude. The 
telescope became operational in 1960 and has been very successful within 
the climatic limitations of its site. Since the spherical form of the primary 
was determined by the Schmidt concept, the two Cassegrain foci are of the 
“spherical primary” (SP) type treated in §3. 2. 6. 3. This solution has very 
large field coma, but is acceptable for use with spectrographs provided the 
slits are accurately placed on the optical axis. 

Complex mechanics was required to keep the telescope in adjustment in 
spite of the radical changeovers operated. This subject will be dealt with in 
connection with active telescopes (RTO II, Chap. 3). Such a universal concept 
was a legitimate design in its time but is unlikely to be repeated, although 
active control would make its realisation easier. 

The optical data of Table 5.2 and otherwise in this chapter is intended to 
give the reader a guide to the larger and most notable telescopes. The liter- 
ature includes many lists of telescopes, many of them in older books such as 
Danjon-Couder [5.1] and Dimitroff-Baker [5.17]. An excellent general source 
of up-to-date information is Riekher [5.3]. A very useful listing of basic data is 
given by Gochermann and Schmidt-Kaler [5.51]. The most complete listings 
by far, above all for the optical properties, are by Bahner [5.52] and Wolf 
[5.53], also Kuiper and Middlehurst [5.31]. Bahner lists all existing reflectors 
of aperture > 0.9 m for normal telescopes, > 0.5 m for Schmidt telescopes 
and > 0.4 m for meniscus telescopes. The follow-up work by Wolf lists all 
normal telescopes > 1.2 m and wide-held telescopes > 0.6 m. Another very 
useful listing from the optical viewpoint is given by Schielicke [5.54]. 

The MPIA 3.5 m telescope, which went into operation in 1985 after 
15 years of development and manufacturing time [5.43], was the last of the 
equatorially-mounted Bowen-type telescopes. With its Palomar type mount- 
ing, it was also the most massive and most expensive. In spite of the beauty 
of the optics and mechanics of this telescope, it was by that time generally 
agreed that telescopes of this size could be built more cheaply and effectively 
with more modern mounts (usually Alt-Az) and new optical and building con- 
cepts made possible by modern electronics. These modern developments are 
the subject of RTO II, Chap. 3. In fact, a copy of the MPIA 3.5 m telescope 
was built by Carl Zeiss for the proposed observatory in Iraq. For obvious 
reasons, this instrument has never been installed. 

The development of the reflecting telescope in the period covered by this 
chapter is beautifully illustrated by the work of Fehrenbach [5.55]. This work 
only covers developments in France and has no pretensions to scientific or 
technical comprehensiveness; instead, it deals with the background and per- 
sonalities involved, including the period Ritchey spent in France, in a personal 
and most revealing way. 
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Table A.l. List of symbols for Chapter 2 



Symbol 


Meaning 


Where 

defined 


A 


Aperture stop 


Fig. 2.6 


ai, a 2 --- 


Coefficients for the definition of a centered surface 


Eq. (2.13) 


as, bE, ce 


Positions of the Ramsden disk in a refracting tele- 
scope 


Fig. 2.8 


b 


Distance from the pole of Mi to the final image 
in a 2-mirror telescope 


Fig. 2.11, 
Fig. 2.12, 
Eq. (2.65) 


b 


Normalized value of b 


Eq. (2.87) 


C 


Beam compression factor 


Fig. 2.8, 
Eq. (2.39) 


c 


Curvature of a surface — Ijr 
(see surface number v) 


Eq. (2.13) 


Cl 


Velocity of light in wavefront propagation 


Fig. 2.3, 
Eq. (2.11) 


D 


Effective diameter (aperture) of a system; diame- 
ter of the entrance pupil 


§ 2.2.6 


(Dax)2 


Axial beam diameter of M 2 in a 2- mirror telescope 


Eq. (2.93) 


(DtOt)2 


Full diameter of M 2 in a 2-mirror telescope 


Eq. (2.93) 


d 


Axial distance between a given surface of a system 
and the next surface (see surface number v) 


Fig. 2.11, 
Fig. 2.12, 
Eq. (2.37) 


E, E' 


Entrance, exit pupil of a system 


Fig. 2.6 


F, F' 


Object, image focal point of a system 


Fig. 2.1, 
Fig. 2.2 


f, r 


Object-side, image-side focal length of a system 


Fig. 2.1, 
Fig. 2.2 
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Table A. 2. List of symbols for Chapter 2 (continued) 



Symbol 


Meaning 


Where 

defined 


fu /2 


Image-side focal lengths of Mi, M 2 in a 2- 
mirror telescope 


Eqs. (2.54), 
(2.55), (2.60) 


H 


The Lagrange Invariant 


Fig. 2.5, 
Eq. (2.27) 


H (sufHx) 


Upper ray 


Fig. 2.1, 
Fig. 2.2 


I' 


Axial object, image positions of a system 


Fig. 2.2 


Ih, I'h 


Object, image positions associated with an up- 
per ray 


Fig. 2.2, 
Fig. 2.5 


II, I'l 


Object, image positions associated with a 
lower ray 


Fig. 2.8 


h, I 2 


Primary and secondary axial image points in 
a 2-mirror telescope 


Fig. 2.11, 
Fig. 2.12 


i, i! 


Ray incident angles to a surface before, after 
refraction or reflection (see surface number v) 


Eq. (2.15), 
Eq. (2.36) 


K 


Optical power of a system or element 


Eqs. (2.22), 
(2.51), (2.53) 


L 


Back focal distance in a 2-mirror telescope 
(distance from the secondary to the image) 


Fig. 2.11, 
Fig. 2.12 
Eq. (2.61), 
Eq. (2.72) 


L (suffix) 


Lower ray 


Fig. 2.8 


LTP 


Light Transmission Power (Throughput) 


Eq. (2.47) 


1 (suffix) 


The last surface of a system before the image 


Eq. (2.38) 


M 


Mirror (see surface number v) 


Fig. 2.11, 
Fig. 2.12 


A /2 


The primary and secondary mirrors of a 2- 
mirror telescope 


Fig. 2.11, 
Fig. 2.12 
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Table A. 3. List of symbols for Chapter 2 (continued) 



Symbol 


Meaning 


Where 

defined 


m 


Magnification of a system 


Eqs. (2.1), 
(2.2), (2.23), 
Fig. 2.5 


7712 


Magnification of the secondary mirror of a 2- 
mirror telescope 


Eq. (2.55) 


N 


Relative aperture, f/no 


Eq. (2.104) 


n, n' 


Refractive index in the object, image space of 
a refracting or reflecting surface (see surface 
number v) 


Fig. 2.2 
Eq. (2.11), 
Eq. (2.12) 


P, P' 


Object-side, image-side principal points of a 
system 


Fig. 2.1, 
Fig. 2.2 


Ph, P'h 


Object-side, image-side upper ray points defin- 
ing with P, P' the principal planes of a system 


Fig. 2.1, 
Fig. 2.2 


Pl, P'l 


Object-side, image-side lower ray points defin- 
ing with P, P' the principal planes of a system 


Fig. 2.2 


P 


The distance between the primary and sec- 
ondary image in a 2-mirror telescope 


Fig. 2.11, 
Fig. 2.12, 
Eq. (2.81), 
Eq. (2.84) 


p (suffix) 


Denotes a held ray, or property thereof, which 
cuts the axis at P or P' 


Fig. 2.5, 
Fig. 2.6 


pr (suffix) 


Denotes a principal ray, or property thereof, 
which cuts the axis at E and E' 


Fig. 2.6, 
Fig. 2.8 


Ra 


Axial obstruction ratio of a 2-mirror telescope 


Eq. (2.58), 
Eq. (2.72) 


r 


Radius of curvature of a surface = Ijc (see sur- 
face number v) 


Eq. (2.13), 
Eq. (2.36) 
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Table A. 4. List of symbols for Chapter 2 (continued) 



Symbol 


Meaning 


Where 

defined 


ri, T 2 • • • 


Defined light rays 


Figs. 2.1, 
2.2, 2.4, 
2.6, 2.8 


S 


Optical system 


Fig. 2.1, 
Fig. 2.6 


S 


Scale of a telescope (arcsec/mm) 


Eq. (2.102) 


s 


Inverse scale of a telescope (mm/arcsec) 


Eq. (2.103) 


s, s' 


Axial distance from an object, image to an imag- 
ing surface or a principal plane (see surface num- 
ber v) 


Figs. 2.2, 
2.5, 2.6, 
2.11, 2.12, 
Eq. (2.4) 


T 


True telephoto effect of a 2-mirror telescope rel- 
ative to the length L 


Eq. (2.57) 


T, 


Telephoto effect of a 2-mirror telescope relative 
to the primary focal length f[ 


Eq. (2.56) 


t 


Time (light propagation) 


Eq. (2.11) 


u, u' 


Ray angles to the axis before, after refraction or 
reflection (see surface number v) 


Fig. 2.5, 
Eq. (2.26) 


w, w 


Wavefront (or wavefront aberration) 
before, after refraction or reflection 


Fig. 2.3 


X, y, z 


Cartesian coordinate system (right-hand set): z 
is the axial distance, y the height in the principal 
section 


§ 2.2.1, 

§ 2.2.3, 
Eq. (2.13) 


x', y', z' 


Coordinates after refraction or reflection 


§ 2.2.1, 

§ 2.2.3, 
Eq. (2.13) 
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Table A. 5. List of symbols for Chapter 2 (concluded) 



Symbol 


Meaning 


Where 

defined 


/-s_< 


Parameters for the folded Cassegrain case with 


Fig. 2.15, 




M 2 plane (m 2 = — 1) 


Eqs. (2.97) 
- (2.100) 


V, v' 


Height in the object, image plane 


Fig. 2.2, 
Fig. 2.5, 
Eq. (2.1), 
Eq. (2.23) 


V (subscript) 


Counter number for system surfaces and parax- 


Eqs. (2.36) 




ial parameters, e.g. r^, y^, s^, di,, n^, i^, 


- (2.38) 
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Table A. 6 . Additional symbols for Chapter 3 



Symbol 


Meaning 


Where 

defined 


A, A 


Snell invariant for the paraxial aperture, princi- 
pal ray (see surface number v) 


Eq. (3.19), 
Eq. (3.20) 


A 


Area of a circular aperture for diffraction phe- 
nomena 


Eq. (3.442) 


A' 


Real area of a pupil, including vignetting 


Eq. (3.466) 


A, Ao 


Common area, whole pupil area for a sheared 
pupil 


Eq. (3.499) 


A, B 


Constants of a linear dispersion equation 


Eq. (3.316) 


A, B 


Real, imaginary parts of the autocorrelation 
function 


Eq. (3.503) 


As, Bs, Cs, 
Ds ... 


Supplementary aspherizing coefficients 
in the general definition of a surface 


Eq. (3.77) 
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Table A. 7. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


As, Bsi, Bs2 


Terms in equations for deriving decentering 
coma 


Eqs. (3.355) 
- (3.357) 




Normalization constants for deriving Zernike 
polynomials 


§ 3.9, 

Eq. (3.426) 


A* 


Quantity calculated for the secondary as though 
it were a primary in a Schiefspiegler 


Eq. (3.344) 


A (suffix) 


Pertaining to third order astigmatism for the 
Strehl Intensity Ratio 


Eq. (3.471) 


a, b 


Semi-axes of an ellipse 


Eq. (3.4) 


a 


Aspheric plate profile constant (defining its 
spherical aberration) 


Eq. (3.221) 


a, b 


Upper and lower points of a Schmidt plate 


Fig. 3.27 


(a), (b) 


Stop positions in a Maksutov telescope 


Fig. 3.36 


do, 0,1 


Normalized amplitude of the object, image func- 
tion (OTF) 


Eq. (3.485), 
Eq. (3.486) 


Afoc (suffix) 


Pertaining to the afocal form of a 2-mirror tele- 
scope 


Eq. (3.98) 


Apian (suffix) 


Pertaining to the aplanatic form of a 2-mirror 
telescope 


Eq. (3.106) 


bs 


Schwarzschild (conic) constant 


Eq. (3.10) 


bs 


Laux definition of conic parameter 


Eq. (3.79) 


B (suffix) 


Pertaining to Bouwers’ achromatic meniscus 


Eq. (3.311) 


Bou (suffix) 


Pertaining to Bouwers-type meniscus 


Eq. (3.278) 


BF (suffix) 


Best focus 


Eq. (3.185) 
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Table A. 8 . Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


C 


A constant in the diffraction integral 


Eq. (3.434) 


Cl, C2 


Primary longitudinal, lateral chromatic aber- 
ration 


Eq. (3.222), 
Eq. (3.223) 


Co, Cj 


Contrast for the object, image of a given spa- 
tial frequency 


Eq. (3.483) 


C (suffix) 


Pertaining to chromatic aberrations 


Eq. (3.222), 
Eq. (3.223) 


C (suffix) 


Pertaining to a concentric surface 


Fig. 3.36 


C (suffix) 


Pertaining to third order coma for the Strehl 
Intensity Ratio 


Eq. (3.471) 


Comat , Comas 


Tangential, sagittal coma 


Fig. 3.18, 
Eq. (3.196), 
Eq. (3.197) 


CFP (also suffix) 


Coma-free point 


§ S.7.2.3 


d (suffix) 


Pertaining to a classical 2-mirror telescope 


Eq. (3.93) 


DK (also suffix) 


Dall-Kirkham form of a 2-mirror Cassegrain 
telescope 


§ 3.2.6.3(c) 


d 


Thickness of an aspheric or plane-parallel 
plate or filter; or of a meniscus or lens element 
of a corrector 


§ 3.6.2.3 


dm 


Diameter of the circle containing 80% of the 
geometrical energy in the point image (PSF) 


Table 3.15 


d (suffix) 


Pertaining to defocus for the Strehl Intensity 
Ratio 


Eq. (3.471) 


dec (suffix) 


Pertaining to Gaussian effects of transverse 
despace, i.e. lateral decenter 


Eq. (3.422), 
Eq. (3.423) 
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Table A. 9. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


E 


Total energy incident on a circular aperture 
for diffraction phenomena 


Eq. (3.442) 


EFC 


Effective field curvature 


Table 3.3, 
Eq. (3.164) 


ExP (also suffix) 


Exit pupil in the theory of the CEP 


Eq. (3.381) 


F 


Pupil function in autocorrelation theory of the 
OTF 


Eq. (3.494) 


F* 


Complex conjugate of F 


Eq. (3.494) 


F(e) 


Functions of e (obscuration factor) 


Eq. (3.482) 


Fi (suffix) 


Pertaining to a plane-parallel plate or filter 


Eq. (3.253) 


FFL (suffix) 


Pertaining to a field-flattening lens 


Eq. (3.259) 


/ (suffix) 


Pertaining to field aberration in a decentered 
telescope 


Eq. (3.354) 


GF (suffix) 


Pertaining to the Gaussian focus 


Eq. (3.184) 


g (suffix) 


Pertaining to the approximation of geometri- 
cal optics for the MTF calculation 


Eq. (3.507), 
Eq. (3.508) 


HE 


Pupil position parameter (see surface number 


Eq. (3.19) 


HdE 


Stop shift parameter 


Eq. (3.22) 


I 


Light intensity (Fresnel law) 


Eq. (3.269) 


I 


Intensity at point Q' (diffraction PSF) 


Eq. (3.435) 


lo 


Intensity at point Q'q on the principal ray 
(diffraction PSF) 


Eq. (3.437) 
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Table A. 10. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


lo 


Intensity at point Qo on the principal ray in the 
absence of aberrations (Strehl Intensity Ratio) 


Eq. (3.458) 


I (suffix) 


Pertaining to the image (Fourier transform the- 
ory) 


Eq. (3.504) 


i 


Fourier transform of intensity function I 


Eq. (3.505) 


Jo, J\ 


Bessel functions of the zero and first orders 


Eq. (3.440), 
Eq. (3.441) 


k 


A constant (27 t/A) in the diffraction integral 


Eq. (3.434) 


(Z + n)^(m+n),n 


Coefficients of the Hamilton Characteristic 
Function 


Eq. (3.14), 
Eq. (3.16) 


kpl 


Dimensionless profile constant for an aspheric 
(Schmidt) plate 


Eq. (3.238) 


kz 


“Ripple” amplitude (for Strehl Intensity Ratio) 


Eq. (3.479) 


Lw 


Fraction of the total energy enclosed within the 
diffraction angle w 


Eq. (3.448) 


L 


The complex OTF 


Eq. (3.487) 


LSF 


Line Spread Function 


Eq. (3.493) 


1, m, n 


Integers involved in the definition of the Char- 
acteristic Function 


Eq. (3.16) 


1, m, n, s 


Integers involved in the definition of Zernike ra- 
dial polynomials 


Eq. (3.431) 


Mf 


Folding flat mirror at an intermediate image; or 
a Newton-type flat 


Fig. 3.72(b), 
Eq. (3.76) 


MTF 


Modulation Transfer Function 


Eq. (3.484) 


M (suffix) 


Pertaining to a Maksutov solution 


Fig. 3.36 
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Table A. 11. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


rn.pl 


Magnification of an aspheric plate imaged back 
to object space 


Eq. (3.221) 




Minimum magnification in order to reveal 
diffraction resolution to the eye 


Eq. (3.451) 


m 


Parameter for MTF calculations 


Fig. 3.112, 
Eq. (3.506) 


m+ (suffix) 


Pertaining to the right-hand part of an achro- 
matic meniscus 


Fig. 3.48, 
Eq. (3.307) 


men (suffix) 


Pertaining to a meniscus corrector 


Eq. (3.270) 


Nh 


Order number in the Characteristic Function 


Table 3.1 


Ns 


Aperture number of a surface used afocally with 
object at infinity 


Eq. (3.82) 


n 


Degree of polynomial V (Zernike polynomials) 


Eq. (3.427) 


nz 


Number of complete “ripple” zones (Strehl In- 
tensity Ratio) 


Eq. (3.479) 


h 


Total number of powered surfaces in an n-mirror 
system (see surface number v) 


§ 3.0.5.2 


o' 


Axial image point for diffraction phenomena 


Fig. 3.99 


OTF 


Optical Transfer Function 


§ 3.10.7 


O (suffix) 


Pertaining to the object (Fourier transform the- 
ory) 


Eq. (3.504) 


opt (suffix) 


Optimum image surface 


§ 3.6.4.1 
Fig. 3.46 


Pc 


Petzval sum (see surface number v) 


Eq. (3.19) 
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Table A. 12. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


P 


Phase Function (OTF) 


Eq. (3.502) 


PF 


Prime focus case 


§ 3.2.6. 2 


PSF 


Point Spread Function 


§ 3.10.7 


P (suffix) 


Pertaining to a plane surface 


Fig. 3.36 


P (suffix) 


Pertaining to the condition for the CFP to be at 
the exit pupil in an aplanatic 2-mirror telescope 


Eq. (3.382), 
Eq. (3.383) 


PH (suffix) 


Pertaining to the plateholder 


Eq. (3.262) 


PI 


Aspheric plate 


Fig. 3.42 


P 


Pupil magnification for a surface of an all- 
reflecting system (see surface number i/) 


§ 3.6.5, 

Eq. (3.317) 


p, q 


Differences of the first two direction cosines of 
the incident and diffracted waves 


Eq. (3.434) 


P, q, r 


Cartesian coordinate system of Q referred to the 
principal ray (Strehl Intensity Ratio) 


§ 3.10.5 


p 


Phase shift with transfer of a sinusoidal wave 


Fig. 3.107 


ptv 


Peak-to-valley wavefront aberration 


Table 3.27 


pi (suffix) 


Pertaining to an aspheric plate 


Eq. (3.219) 


Qo 


A Gaussian image point (image “centre” on the 
principal ray) in the image plane for diffraction 
phenomena 


Fig. 3.99 


q' 


A point near Qq in the diffraction PSF 


Fig. 3.99 


Qo') Q 


Simplified forms (without primes) of Qoi Q 


§ 3.10.5, 
Eq. (3.458) 
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Table A. 13. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


Q (suffix) 


Pertaining to the PSF of image point Q (Fourier 
transform theory) 


Eq. (3.504) 


g 


Number of a Seidel aberration {I ... V) 


Eq. (3.18) 


R 


Distance from the exit pupil to Qq (radius of the 
reference sphere) 


§ 3.10.5 


R(p) 


A function only of p and equal to V {p, 0) (Zernike 
polynomial) 


Eq. (3.427) 


R 


Real part of the OTF, i.e. the MTF 


Eq. (3.487) 


RC 


Ritchey-Chretien form of a 2-mirror Cassegrain 
telescope 


§ 3.2.6.3(b) 


Tc 


Optimum radius of curvature of the field 


Fig. 3.4 


rms 


Root-mean-square wavefront aberration 


Table 3.27 


rot (suffix) 


Pertaining to angular decenter of the secondary in 
a 2-mirror telescope 


Eq. (3.374) 


5, 


Seidel surface contribution to Seidel aberration q 


Eq. (3.18) 


St 


Seidel term including stop shift 


Eq. (3.22) 


5? 


Basic (power) part of a Seidel term 


Eq. (3.24) 


s*. 


Aspheric part of a Seidel term 


Eq. (3.24) 


5S*i 


Contribution of an aspheric plate to the third or- 
der spherical aberration 


Eq. (3.219) 


SP 


Spherical Primary form of a 2-mirror Cassegrain 
telescope 


§ 3.2.6.3(d) 


S (suffix) 


Pertaining to a laterally decentered 2-mirror tele- 
scope treated as a Schiefspiegler 


Eq. (3.352) 
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Table A. 14. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


51 , S 2 (suffix) 


Pertaining to third, fifth order spherical aberra- 
tion for the Strehl Intensity Ratio 


Eq. (3.471) 


Sprl 


Distance of the entrance pupil from the first sur- 
face 


Eq. (3.25) 


^pl 


Stop shift of an aspheric plate relative to the 
primary 


Eq. (3.219) 


^prl 


Quantity calculated for the secondary as though 
it were a primary in a Schiefspiegler 


Eq. (3.344) 


s, t 


Spatial frequency of the object or image function 
in the 77 directions (MTF) 


Eq. (3.485) 


sol (suffix) 


Pertaining to a solid Schmidt 


§ 3.6.4.1 


T (suffix) 


Pertaining to wavefront tilt for the Strehl Inten- 
sity Ratio 


Eq. (3.471) 


TC, 0 (suffix) 


Pertaining to a 2-mirror telescope of general or 
SP form with zero lateral (translation) decenter- 
ing coma 


Eq. (3.386), 
Eq. (3.389) 


t, s, m 


Tangential, sagittal and mean astigmatic sur- 
faces, foci or sections 


Fig. 3.20, 
Fig. 3.21 


tot (suffix) 


Pertaining to the total aberration (coma) defin- 
ing neutral points (decenter) 


Eq. (3.377) 


U, U' 


Angles of finite rays to the axis 


Fig. 3.2, 
Eq. (3.83) 


U{Q') 


The complex amplitude at Q' (diffraction the- 
ory) 


Eq. (3.434) 


Su'p 


Angular aberration referred to the principal 
plane 


§ 3.1 




Aplanatic parameter (see surface number i/) 


§ 3.2.2, 
Eq. (3.19) 
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Table A. 15. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


Su'y 


Normalized diffraction angle {kqym) in the y- 
direction 


Eq. (3.435), 
Eq. (3.436) 


tt, V 


Normalized (“optical”) coordinates of Q re- 
ferred to the principal ray (diffraction theory) 


§ 3.10.5 


Vc, 


Typical orthogonal polynomials of a set 
(Zernike polynomials) 


§ 3.9, 

Eq. (3.426) 


Wi 


Third order wavefront aberration 


Eq. (3.21) 


w 


Full wavefront aberration taking account of 
cos ncj) term 


Eq. (3.192) 




Mean of the square of the wavefront aberration 


§ 3.9, 

(footnote 8) 


(W)= 


Square of the mean wavefront aberration 


§ 3.9, 

(footnote 8) 


Wq 


The wavefront aberration associated with Q 


Eq. (3.459) 


wS 


Average value of the nth power of Wq 


Eq. (3.461) 


AWq 


Root-mean-square (rms) wavefront aberration 

Q')rms 


Eq. (3.470) 


w 


Angular separation in the image plane of the 
point Q from Qq (diffraction theory) 


§ 3.10.3 


W 


Normalized form of the diffraction angle w 


Eq. (3.444) 


Wo 


Radius (angular) of the first dark ring in the 
Airy disk 


Eq. (3.446) 


Wr 


Angular resolution according to Rayleigh 


Eq. (3.449) 
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Table A. 16. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


y 


Coordinates in the pupil for diffraction phenom- 
ena 


Fig. 3.99 


5 2/m 


Slit dimensions for diffraction at a slit 


Fig. 3.99 


Y, Y' 


Heights of finite rays from the axis 


Eq. (3.84) 


Vm 


Normalized aperture parameter 


Eq. (3.21) 


Z (suffix) 


Pertaining to “ripple” 


Eq. (3.479) 



Table A. 17. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


a, (3 (suffix) 


Pertaining to two glasses of an achromatic 
Schmidt plate 


§ 3.6.2.6, 
Eq. (3.267) 


S 


Lateral (transverse) decenter of the secondary in 
a 2-mirror telescope 


§ 3.7.2.1 


5 (suffix) 


Pertaining to a laterally decentered 2-mirror 
telescope treated as a Schiefspiegler 


Eq. (3.352) 




Kronecker symbol (Zernike polynomials) 


§ 3.9, 

Eq. (3.426) 


S 


Eccentricity of a conic 


Eq. (3.6) 


S 


Obscuration (obstruction) factor for diffraction 
phenomena at an annular aperture 


§ 3.10.4, 
Eq. (3.453) 
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Table A. 18. Additional symbols for Chapter 3 (continued) 



Symbol 


Meaning 


Where 

defined 


c 


Parameter for Seidel spherical aberration of the 
primary mirror of a 2-mirror telescope 


Eq. (3.30) 




Basic (power), aspheric component of Q 


Eq. (3.30) 


C , rl , i 


Cartesian coordinate system in the image plane 
for diffraction phenomena 


Fig. 3.99 


5r]R 


Linear resolution according to Rayleigh 


Eq. (3.450) 




Normalized field parameter 


Eq. (3.21) 


??0, ^0 


Object coordinates in OTF theory 


§ 3.10.7 


fl, ^ 


Image coordinates in OTF theory 


§ 3.10.7 


A 


Wavelength (spectral) 


§ 3.5 


Az 


Normalized “ripple” wavelength 


Eq. (3.479) 


A 


Spatial wavelength in OTF theory (1/s or 1/i) 


Fig. 3.107 


fJ- 


Reciprocal of magnification m (see surface num- 
ber v) 


Eq. (3.332) 


flpr 


Reciprocal of pupil magnification p (see surface 
number v) 


Eq. (3.332) 


* 

flprl 


Quantity calculated for the secondary as though 
it were a primary in a Schiefspiegler 


Eq. (3.344) 


VA 


Abbe number for an optical glass 


§ 3.6.2.0 
Eq. (3.244), 
Eq. (3.252), 
Fig. 3.32 




Parameter for Seidel spherical aberration of the 
secondary mirror of a 2-mirror telescope 


Eq. (3.40) 
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Table A. 19. Additional symbols for Chapter 3 (concluded) 



Symbol 


Meaning 


Where 

defined 


r 


Basic (power), aspheric component of ^ 


Eq. (3.40) 


/ 


See coordinate system C > ^ i ^ above 






See coordinate system rj , ^ above 




p 


Normalized aperture radius 


§ 3.2.1 


p 


A point in a circular pupil for diffraction phe- 
nomena 


§ 3.10.3 


pm 


Radius of a circular pupil for diffraction phenom- 
ena 


§ 3.10.3, 
Eq. (3.442) 


a 


Normalized field radius 


§ 3.2.1 


r 


Aspheric form parameter (see surface number v) 


§ 3.2.2, 
Eq. (3.19) 


r 


Magic number of Pythagoras and Fibonacci 


Fig. 3.5, 
Eq. (3.129) 


4 ’ 


Azimuth angle containing an aperture ray and a 
principal ray in the image forming wavefront 


§ 3.2.1 


4, 4 


Azimuth angles in the pupil, image coordinate 
systems for diffraction phenomena 


§ 3.10.3 


<8> 


Convolution symbol (Fourier transform rela- 
tions) 


Eq. (3.504) 
et seq. 
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Chapter 4 



Table A. 20. Additional symbols for Chapter 4 



Symbol 


Meaning 


Where 

defined 


ADC 


Atmospheric Dispersion Corrector 


§ 4.4 


b 


Barometric pressure (mbar) 


Eq. (4.91) 


cor (suffix) 


Pertaining to the properties of a lens corrector 
( “central” contributions) 


§ 4.3.1.1, 
Eq. (4.27) 


E 


Pupil position parameter in a normalized tele- 
scope system with corrector 


Eq. (4.4) 


FR (also suffix) 


Focal reducer 


§ 4.5 


FE (also suffix) 


Focal extender 


§ 4.5 


FF (suffix) 


Pertaining to a field flattener 


Eq. (4.15) 


9 


Distance of an aspheric plate field corrector 
from the image 


Eq. (4.2), 
Fig. 4.2, 
Fig. 4.5 


gh (suffix) 


Pertaining to ghost images from a plane- 
parallel plate 


Eq. (4.1), 
Fig. 4.1 


h 


Height of the equivalent homogeneous atmo- 
sphere 


Eq. (4.93) 


L (suffix) 


Pertaining to a thin corrector lens 


Eq. (4.52) 


Li, Z /2 (suffix) 


Pertaining to the first, second thin lens of a 
2-lens corrector 


Eq. (4.73) 


MFC (also suffix) 


Mean field curvature, i.e. the EFC in the pres- 
ence of a field corrector 


Eq. (4.13) 
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Table A. 21. Additional symbols for Chapter 4 (continued) 



Symbol 


Meaning 


Where 

defined 


ri 


Refractive index of a single corrector lens 


Eq. (4.71) 


n'l, n '2 


Refractive indices of doublet corrector lenses 
with two different glasses 


Eq. (4.81) 


na 


Effective refractive index of the atmosphere 


Eq. (4.92) 


P (suffix) 


Pertaining to an aspheric plate or an effective 
plate formed by an aspheric surface on a correc- 
tor lens 


Eq. (4.54), 
Eq. (4.60) 


PP (suffix) 


Pertaining to a plane-parallel plate 


Eq. (4.16) 


Ipl (suffix) 


Pertaining to a 1-plate corrector 


Eq. (4.21) 
et seq. 


2pl (suffix) 


Pertaining to a 2-plate corrector 


Eq. (4.21) 
et seq. 


R 


Radius of the Earth 


Eq. (4.93) 


real (suffix) 


Pertaining to real values of aperture and field 
compared with the normalized case 


§ 4.2. 2. 2 
(end of 
section) 


5. 


Simplified notation for the spherical aberration 
contribution (6Si)i, for aspheric plate number v 


Eq. (4.5) 


ASii, ASiii 


Changes in telescope contributions to Sn, Sm 
due to free aspheric constants combined with a 
lens corrector 


Eq. (4.75) 


Tel (suffix) 


Pertaining to the contribution of the telescope 
without its corrector 


Eq. (4.67) 


t 


Absolute temperature (°K) 


Eq. (4.91) 


U 


A simplifying parameter defined as a function of 
f', constant for a given telescope geometry 


Eq. (4.44) 
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Table A. 22. Additional symbols for Chapter 4 (concluded) 



Symbol 


Meaning 


Where 

defined 


V 


A simplifying parameter defined as a function of 
f' , di, L, constant for a given telescope geome- 
try 


Eq. (4.44) 


V 


Dispersion vector produced by a prism (ADC) 


Fig. 4.25 


Xl, Vl 


Shape, magnification parameters for the Seidel 
aberrations of a thin corrector lens 


Eq. (4.52) 


Z 


Zenith distance (angle) 


Eq. (4.91) 


a 


Rotation angle of ADC prisms 


Fig. 4.25 


5gh 


Ghost image displacement in the image plane 
(plane-parallel plate) 


Eq. (4.1), 
Fig. 4.1 


<!>ref 


Angular atmospheric refraction 


Eq. (4.91) 


S(l>refl,2 


Atmospheric dispersion between wavelengths 1 
and 2 


Eq. (4.94) 


* (superscript) 


Pertaining to the total aberration induced by a 
corrector lens with an aspheric surface 


Eq. (4.55) 



Chapter 5 

Table A. 23. Additional symbols for Chapter 5 



Symbol 


Meaning 


Where 

defined 


Cp 


Curvature (vertex) of a parabola (figuring) 


Eq. (5.2) 


Cs 


Curvature of a sphere (figuring) 


Eq. (5.2) 


ES (suffix) 


“Equal slope” case (figuring) 


Eq. (5.3) 
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B. Portrait gallery 

This Portrait Gallery is intended to give the basic biographical information 
of 26 great scientific and technical contributors to the historical development 
of reflecting telescope optics. Such a choice is inevitably personal and to some 
extent arbitrary. I have chosen the personalities listed below because of their 
contributions to the form, the theory and the optical quality of the reflecting 
telescope. 




Marin Mersenne 

Born: 1588, Oize, France 
Died: 1648, Paris 

Mersenne invented the afocal forms 
of the 2-mirror telescope, fun- 
damental to modern theory. He 
worked closely with Descartes. Re- 
cent historical research (see under 
“Cassegrain” overleaf) has revealed 
that he also invented other basic 
forms of reflecting telescope. (Cour- 
tesy Deutsches Museum, Munich) 




Rene Descartes 

Born: 1596, La Haye, France 
Died: 1650, Stockholm 

Descartes used his analytical geom- 
etry to lay down the mathematical 
principles for the axial monochro- 
matic correction of images in both 
mirror and lens systems. This estab- 
lished all forms of the classical re- 
flector (parabolic primary). (Cour- 
tesy Deutsches Museum, Munich) 
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No portrait of Cassegrain is known. 
The biographical details given in the 
original edition, taken from Robert 
“Dictionnaire des Noms Propres”, 
were incorrect, due apparently to a 
confusion between Cassegrain and J. 
D. Cassini. New historical research 
by A. Baranne and F. Launay has 
revealed at last definitive information 
on the indentity of Cassegrain.* 



Laurent Cassegrain 

Born: 1628-1629, in or near 
Chartres, France 

Died: 1693, Chaudon, near Nogent- 
le-Roi (Eure-et-Loir) 

Cassegrain invented the 2-mirror 
telescope form which has become 
the definitive focal form for mod- 
ern telescopes. Mersenne had al- 
ready invented the equivalent afo- 
cal form, and, though this has re- 
mained largely unknown, also the 
focal forms of both Gregory and 
Cassegrain.* 




Janies Gregory 

Born: 1638, Aberdeen, Scotland 
Died: 1675, Edinburgh 

Gregory is rightly considered the 
inventor of the 2-mirror telescope 
in focal (Gregory) form. Mersenne 
had already invented the equivalent 
afocal form. (Courtesy Royal As- 
tronomical Society, through Peter 
Hingley) 



* A. Baranne, F. Launay, 1997, “Cassegrain: un celebre inconnu de I’astronomie 
instrumentale” , J. Opt. 28 , 158-172. 

I am delighted and proud that questions I addressed to my French colleagues, 
above all Andre Baranne, concerning the identity of Cassegrain for this portrait 
gallery have resulted in this superb piece of historical research, mainly regarding 
Cassegrain but also with largely unknown information concerning the remarkable 
work of Mersenne. If a birth certificate of Cassegrain can be found (the search is 
continuing, I believe), the basic biographical information will be complete. 
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Isaac Newton 

Born: 1643, Woolsthorpe, England 
Died: 1727, Kensington 

Newton invented the Newton form 
and made the first usable reflector. 
But his greatest contribution was 
his theory of chromatism, albeit in- 
correctly denying the possibility of 
achromatism. (Courtesy Deutsches 
Museum, Munich) 




William Herschel 

Born: 1738, Hannover, Germany 
Died: 1822, Slough 

Herschel realised the “front view” 
form, but his greatest contribution 
was in advancing the technology 
to increase size and optical qual- 
ity. (Courtesy Deutsches Museum, 
Munich) 
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Carl Friedrich Gauss 

Born: 1777, Braunschweig, 

Germany 

Died: 1855, Gottingen 

Gauss gave a complete mathemat- 
ical exposition of the first order 
(Gaussian) theory of optical imag- 
ing. This was essential for the devel- 
opment of aberration theory. (Gour- 
tesy Deutsches Museum, Munich) 




Joseph von Fraunhofer 

Born: 1787, Straubing, Germany 
Died: 1826, Munich 

Fraunhofer’s main contributions 
were to the development of the 
refractor. But his advances in 
optical glass technology, testing and 
figuring, as well as the application 
of ray tracing and diffraction the- 
ory, all helped the advance of the 
reflector to its many modern forms. 
(Gourtesy Deutsches Museum, 
Munich) 
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William Lassell 

Bom: 1799, Bolton, England 
Died: 1880, Maidenhead 

Lassell was above all a great maker 
of telescopes. His greatest contribu- 
tion to the advance of the reflec- 
tor was his invention of the astatic 
lever for mirror supports, a prin- 
ciple fundamental to improved im- 
age quality in large telescopes. He 
was the first to apply the equato- 
rial mount to a large reflecting tele- 
scope. (Courtesy National Museums 
and Galleries on Merseyside from 
an original Daguerreotype of 1845 
owned by the Liverpool Astronom- 
ical Society, through Peter Hingley 
and Alan Bowden) 

William Parsons 

Earl of Rosse 

Born: 1800, York, England 

Died: 1867, Dublin 

Rosse, like Lassell, was principally a 
maker of telescopes and his contri- 
butions were mainly concerned with 
technological advance. He invented 
the lightweight mirror blank and 
successfully applied the “whiffle- 
tree” support principle of Thomas 
Grubb to his biggest telescope. 
(Courtesy Royal Astronomical Soci- 
ety, through Peter Hingley) 
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William Rowan Hamilton 

Born: 1805, Dublin, Ireland 
Died: 1865, Dunsink 

Hamilton’s great contribution to 
telescope optics was his fundamen- 
tal work on the nature of the aber- 
ration function of a centered optical 
system, the basis for the theoretical 
work of Gauss, Petzval and von Sei- 
del. (Courtesy Deutsches Museum, 
Munich) 



Joseph Petzval 

Born: 1807, Szepesbela, Hungary 
Died: 1891, Vienna 

Petzval was probably the first to 
develop third order aberration the- 
ory and was a great designer of 
early photographic optics. His field- 
curvature theorem (Petzval curva- 
ture) is fundamental to telescope 
optics and optical systems in gen- 
eral. (Courtesy Deutsches Museum, 
Munich) 
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James Nasmyth 

Born: 1808, Edinburgh, Scotland 
Died: 1890, London 

Nasmyth was another great maker 
of reflectors. He invented the Nas- 
myth form and, in applying it, con- 
structed one of the first successful 
Cassegrain telescopes of appreciable 
size. (Courtesy Deutsches Museum, 
Munich) 




Leon Foucault 

Born: 1819, Paris, France 
Died: 1868, Paris 

Foucault was largely responsible for 
the triumph of silvered glass mirrors 
over speculum for reflectors. Equally 
important was his invention of the 
“knife-edge” test of mirror quality, a 
great advance in image quality im- 
provement. He also developed the 
coelostat form of telescope. (Cour- 
tesy Deutsches Museum, Munich) 
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Ludwig von Seidel 

Born: 1821, Zweibriicken, Germany 
Died: 1896, Munich 

Seidel was the first to formulate and 
publish an explicit practical form 
for calculating the five monochro- 
matic third order (Seidel) aberra- 
tions. This theory was later ap- 
plied systematically to reflecting 
telescopes by Schwarzschild. (Cour- 
tesy Deutsches Museum, Munich) 




Ernst Abbe 

Born: 1840, Eisenach, Germany 
Died: 1905, Jena 

Abbe was one of the great contrib- 
utors to the development of opti- 
cal design and aberration theory. 
Particularly important in telescope 
optics is the Abbe sine condition, 
defining freedom from coma. (Cour- 
tesy Deutsches Museum, Munich) 
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George Ritchey 

Born: 1864, Meigs County, Ohio, 
USA 

Died: 1945, Azusa, California 

Ritchey was a practical genius 
rather than a great theoretician, but 
he developed deep understanding of 
the theoretical requirements of re- 
flecting telescopes. His encourage- 
ment of, and association with, Chre- 
tien produced the Ritchey-Chretien 
form, the modern form of 2-mirror 
aplanatic telescope. His advances in 
figuring and test technology were 
also a major contribution. (Courtesy 
U.S. Naval Observatory, through 
Brenda Corbin) 




Karl Schwarzschild 

Born: 1873, Frankfurt/Main, 
Germany 

Died: 1916, Potsdam 

In 1905 Schwarzschild formulated 
the complete third order aberra- 
tion theory of 1- and 2-mirror tele- 
scopes. Furthermore, his formula- 
tion can be extended to any system 
and forms the basis of all modern 
reflecting telescope optics. He also 
developed a practical “Eikonal” the- 
ory giving the total aberration at a 
given field point. (Courtesy Martin 
Schwarzschild) 
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Bernhard Schmidt 

Born: 1879, Naissaar Island, Estonia 
Died: 1935, Hamburg 

Schmidt was the first to realise the 
full significance of stop shift from 
the primary if combined with an 
aspheric refracting plate. This has 
led not only to the famous Schmidt 
wide-held telescope, but also to a 
whole range of modern telescope 
forms using aspheric plates. (Cour- 
tesy Hamburg Observatory, through 
Christian de Vegt) 




Henri Chretien 

Born: 1879, Paris, France 
Died: 1956, Washington 

Chretien was a great optical de- 
signer who invented, among other 
optical systems, the principle of 
Cinemascope. In association with 
Ritchey, he set up in 1910 the design 
of the aplanatic Ritchey-Chretien 
telescope, apparently before learn- 
ing of Schwarzschild’s work. (Cour- 
tesy Observatoire de la Cote d’Azur, 
through Frangoise le Guet Tully) 
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Frits Zernike 

Born: 1888, Amsterdam, Holland 
Died: 1966, Naarden 

Zernike made major contributions 
to diffraction theory and received 
the Nobel prize in physics for his 
invention of phase-contrast micro- 
scopy. In telescope optics, his great- 
est contribution was the derivation 
of the Zernike circle polynomials, 
of fundamental importance in op- 
tical design and specification be- 
cause of their orthogonal properties. 
(Courtesy Rijksuniversiteit Gronin- 
gen, through H. J. Frankena, TU 
Delft) 



Maurice PauH 

Born: 1890, Fontainebleau, France 
Died: 1981, Cervens, Haute Savoie 

Paul has been largely forgotten, 
even in France, but he wrote in 
1935 a classical paper on modern re- 
flector optics. A pupil of Chretien, 
he proposed the fundamental form 
of 3-mirror anastigmat and crit- 
ically analysed the scope of as- 
pheric plates and lenses for field 
correctors. (Courtesy Claude Paul, 
through Andre Baranne) 



^ The biographic details of Maurice Paul were the most difficult to obtain of all 
the personalities in this portrait gallery. I am deeply grateful to Andre Baranne 
(Marseille) for a veritable detective work; also to Frangoise le Guet Tully (Nice), 
Marie-Jose Vin (OHP) and Frangoise Chavel (Ecole Superieure d’Optique, Paris) 
for valuable information. 
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Albert Bouwers 

Born: 1893, Dalen, Holland 
Died: 1972 




Bouwers invented the “concentric 
meniscus” wide-held telescope, the 
most fundamental of all forms. In 
the 1940s and 1950s, various de- 
sign variations by Bouwers and oth- 
ers produced a new family of tele- 
scope designs. (Courtesy Delft In- 
struments NV, formerly de Oude 
Delft NV, through H. J. Frankena, 
TU Delft) 




Dimitri Maksutov 

Born: 1896, Odessa, Ukraine 
Died: 1964, Leningrad 

Maksutov invented independently of 
Bouwers the meniscus telescope that 
bears his name. Above all for am- 
ateurs, but also for smaller pro- 
fessional telescopes, the Maksutov 
form has been widely used. Mak- 
sutov ranked as a general expert 
on telescope optics. His experiments 
with metal mirrors were particularly 
notable. (Courtesy Rolf Riekher) 





B. Portrait gallery 499 




Andre Couder 

Born: 1897, Alengon, France 
Died: 1979, Paris 

Couder contributed in a major 
way to nearly every aspect of 
telescope optics. He invented 
the 2-mirror Couder anastigmat, 
a development of the Schwarz- 
schild telescope. He also invented 
“Null Testing” and advocated 
metal mirrors from practical ex- 
periments. The “Couder law” 
is the fundamental law of pri- 
mary mirror supports. (Courtesy 
Charles Fehrenbach) 




James Baker^ 

Born: 1914, Louisville, Kentucky, 
USA 

Baker is the doyen of living op- 
tical designers of telescope op- 
tics. His contributions are vast, 
both in scope and significance. 
Among the greatest designs are 
the Baker-Schmidt-Cassegrains; the 
Paul-Baker 3-mirror flat-field tele- 
scope; a 3-mirror, 2-axis concept; 
the “reflector corrector” , and the 
Baker-Nunn Super- Schmidt. He is 
one of the giants in the history of re- 
flecting telescope optics. (Courtesy 
James Baker) 



^ Note added July 2007 for the corrected reprint of the second edition: I have 
just been informed that James Baker died suddenly on the 30th of June 2005 
in Bedford, New Hampshire, USA, at the age of 91. So the last of the giants in 
Optical Design of this epoch has also passed away. 
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Group picture taken at the International Solar Union (ISU) meeting at Mount 
Wilson in 1910 (names Schwarzschild and Chretien underlined) 
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This historic picture was sent to me for the second edition of this book by 
D.E. Osterbrock, to whom I express my grateful thanks. The positive copy 
was in Karl Schwarzschild’s possession, who himself wrote in the names of 
nearly all those on the photograph. It includes the majority of the famous 
names in astronomy at that time, although - strangely - the great names of 
the host institute. Hale, Adams and Ritchey are not present, though Eller- 
man, Gale and Pease are included. Karl Schwarzschild and Henri Chretien 
are shown (names underlined). Other historic figures connected with optics 
are Fabry, Hartmann, Turner and Babcock. 

Schwarzschild and Chretien met each other here for the first time and 
Chretien learnt of Schwarzschild’s comprehensive theory of 1905 [3.1]. How- 
ever, there is strong historical evidence, given by Osterbrock [5.19], that 
Chretien had already independently developed his own theory for the spe- 
cific Ritchey-Chretien form of reflecting telescope, before this meeting in 1910 
took place. His delay in publication till 1922 [3.14] was due to his reluctance 
to publish his theory before an experimental telescope had confirmed it, but 
Ritchey only realised this in 1927 in Paris (see also §3. 2. 6. 3b and §5.2). 

Courtesy Mary Lea Shane Archives of the Lick Observatory, through D.E. Os- 
terbrock 
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Abbe number 155, 157, 186, 195, 221, 
405 

Abbe sine condition 37, 85, 86, 89, 
117, 119-121 

- graphical demonstration 119 

Aberration 3, 29, 33, 41, 57, 65, 70, 89, 

101, 141, 146, 158, 299, 314, 321 

- angular see lateral 

- astigmatism see Astigmatism 

- axisymmetric 134 

- “central” 349,351,374 

- chromatic 6 , 8 , 9, 10 , 14, 107, 124, 
146 , 148, 152, 160, 165, 167, 182, 183, 
186, 191, 193, 206, 208, 230, 260, 326, 
331, 339, 347, 351, 353, 363, 364, 376, 
379, 381, 383, 384, 406, 409, 411 

- chromatic (lateral) 170,196,345, 
384, 389, 390, 395, 407 

- chromatic (longitudinal) 146, 163, 
193, 195, 212, 214, 218, 349, 394, 396 

- chromatic variation 146-148, 394 

- classical 288 

- coefficient 64, 65, 139, 233, 307, 310, 
see also Seidel 

- coma see Coma 

- decentering 261, 269, 394 

- decentering astigmatism 269 

- decentering coma see Coma 

- defocus, pure 61, 140, 321 

- despace see Despace 

- distortion see Distortion 

- fam il y 61,63,290,292 

- field 93, 101, 111 , 140, 142-144, 
148 , 150, 159, 202, 255, 325 , 348, 404, 
405 

- field curvature see Field curvature 

- field dependence 62 



- fifth order 60, 85, 174 

- first order (Gaussian) 60, 61, 69, 
136, 139, 146 

- first order chromatic 146, 349 

- formulae 78 

- function 59, 60, 269, 270, 288, 314 

- Gaussian see first order 

- geometrical 27 

- higher order 57 , 62, 82 , 85 , 117, 
145, 160, 161, 169, 255, 278, 333, 339, 
356, 359, 381 

- higher order chromatic 339, 345, 
347, 348, 359, 363-366, 368, 384, 407, 
409 

- higher order field 152, 351 

- higher order theory 85, 86 

- large (relative to diffraction limit) 
312,320,321 

- lateral (angular) 13, 57, 58, 64, 

65, 85, 87, 90, 121, 122, 130 , 131, 133, 
134 , 138 , 139, 156, 161, 190, 283 

- lateral chromatic see chromatic 
(lateral) 

- longitudinal 57, 58, 65, 130 

- monochromatic 146-148, 193, 339 

- near diffraction limit 304-312 

- order 57, 58, 60, 61, 85, 87, 288 

- peak-to- valley (ptv) 310 

- primary chromatic 169 

- primary longitudinal chromatic 
150, 358 

-pupil 33,411,416 

- quasi-telecentric 405 

- root-mean-square (rms) 290, 310 

- Seidel 61, 64, 89, 114, 145, 327, 329, 
see also third order 

- small 304-312, 320, 321 
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- spherical see Spherical aberration 

- spherochromatism see Spherochro- 
matism 

- symmetrical 310, 314 

- theory 5, 41, 42, 48, 50, 55, 57, 69, 
109,111,128,396 

- third order (Seidel) monochromatic 
59 - 63 , 65, 66, 70 , 80 - 82 , 85, 90, 128 , 
141, 144, 146, 158, 177, 185, 201, 238, 
270, 280 

- third order chromatic 146 

- third order theory 126, 128 

- total 306 

- transverse see lateral 

- transverse chromatic 94, 124, 160, 
172 , 175, 201 , 202, 207, 212, 222, 352, 
358 

- type 61, 255 

- wavefront 60, 64 — 66 , 69, 88, 127 — 
129 , 131 , 132 , 134 - 136 , 138-140, 
142, 145, 153, 155, 158, 167, 283, 314, 
328 

Aberration coefficient see Seidel 
Aberration function see Aberration 
Absorption 165, 314, 359, 394 
Access (image) 115 
Accuracy 

- third order 186 
Achromat see Corrector 

- thin doublet for FR or FE 404 
Achromatic doublet (objective) 8, 14, 

36, 144, 163, 164 

- manufacture 14 
Achromatisation 163, 164, 339, 359, 

404, 407 

Achromatism 146, 169, 259, 350, 351, 
368, 369, 373, 380, 384, 432 
Active control 62, 69 , 111, 242, 245 , 
252, 255, 272, 277 , 293, 449, 450, 457, 
463 

Active correction see Active control 
Active optics see Active control 
ADC see Atmospheric Dispersion 
Correction 

Afocal case 32, 33, 36, 40, 42, 54, 55, 
78-80, 82, 92, 93, 96, 98, 102, 104, 105, 
107-109, 272, 282, 283, 285 
Afocal corrector see Corrector 



Afocal feed system 55, 238, 246, 250 
Afocal mode 54 

Afocal supplementary lens system 55 
Afocal system 48, 55, 221 

- definition 31 

Air 30,31,36,39,43 

- local 301,455 

Airy disk 259, 299, 300, 320, 405 
Alignment 17, 86, 269 

- Schmidt 161 

Aluminium (reflecting coat) 204, 219, 
241, 449 

- vacuum evaporation 204,241,447 
Amateur 109, 186, 188, 191, 193, 217, 

222,231,256, 304, 320,405 
Analysis see also Theory 

- chemical 259 

- third order 69, 88, 90, 180 
Anastigmat see Reflector 
Anastigmatism 227, 242, 259, 260, 

278, 352 
Angle 

- azimuth 60, 133 
Angular field see Field angle 
Aperture 21, 31, 60, 66, 71, 82, 85, 128, 

269 

- annular 302, 310, 320 

- circular 298, 301, 317 

- double slit 320 

- excentric 260 

- finite 86 

- rectangular 293, 294, 298, 317, 322 

- relative 11, 47, 267, 318, 438, 449, 
452-454 

- slit 295 

- unobstructed 303, 321 
Aperture diaphragm 41 
Aperture number 84 
Aperture ratio 111, 188 
Aperture stop 32, 33, 36, 51, 52 

- telecentric 34 
Aplanatic see also Reflector 

- supplement 96, 265 

Aplanatic Cassegrain (RC) 67, 68, 94, 
263 

Aplanatic Gregory 67, 68 
Aplanatic modification 119 
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Aplanatic solution (general) 95, 101, 
186 

Aplanatism 96,116,121-123,201, 
202,204,207,215,218, 221 
Apodisation 293, 304, 315 
Approximation 

- Gaussian optics 27 

- Seidel 57-59, 63-65, 69, 82, 96, 127 

- third order see Seidel 
Array detectors 94 
Aspheric see also Reflector 

- form 3, 6, 11, 13, 64, 70, 98, 228, 229, 
243, 244, 251, 262, 270 

- general form 82-84 

- higher order 83 

- mirror form relaxation 377 

- off-axis 260 

- steep 178 

- surface 3, 8, 82-84, 241, 363, 
366-370, 381, 385, 390, 411, 415 

- term 83 

- third order 84 
Aspheric contribution 68 
Aspheric parameter 70 
Aspheric plate 140-142, 145, 185 

- third order 141 
Asphericity 59, 82—84, 89, 91, 103, 

105, 107, 116, 164, 180, 184, 190, 193, 
212, 329, 330, 333, 338, 345, 347, 351, 
353, 361, 366, 372, 373, 380, 384, 385, 
420, 432, 443 

- three mirror solution 223 

- total 339 

- very high 178 

Aspherising 13, 208, 366, 435, 447, 449 
Astigmatic 

- lines 101, 136, 138, 190 

- patch 137 

- radial line 137 

- sagittal line 136, 137 

- sagittal surface 136 

- tangential line 136, 137 

- tangential surface 135, 136 
Astigmatic types 62 
Astigmatism 

- angular 138, 190 

- chromatic difference 147, 345, 347 

- definition 135-138 



- field 2, 14, 62 , 65 , 69 , 76, 79, 90, 
92-94, 97, 98, 101, 105, 108, 109, 
114-117, 126, 135 , 136, 137, 139-141, 
143, 148 , 149 , 170, 177, 178, 182-184, 
186, 190, 191, 204, 212, 215, 217, 221, 
227 , 229, 242-244, 256, 257, 259 , 260, 
290, 292, 312, 327, 330, 331, 333-337, 
339, 341, 343, 348, 350, 354-359, 364, 
373, 375, 376, 378, 379, 383, 384, 396, 
405-407,411,431,454 

- lateral 136 

- longitudinal 136 

- quadratic field dependence 269 

- sagittal 115, 116 

- tangential 115, 116 

- third order 136, 152, 306, 308, 309, 
311,320 

Astrometric reflector see Telescope 
Astronomical observation 

- visual 38 
Atmosphere 147, 392 

- equivalent homogeneous 392 
Atmospheric dispersion 392-396, 400 
Atmospheric Dispersion Corrector 

(ADC) 392-404 

- Cassegrain focus 396, 399, 402-404 

- diffraction limited 393 

- ESO linear (LADC) 402-404 

- oiled contact 396 

- prime-focus 396-400 

- prime-focus, 3- or 4-lens 396 

- prisms 396, 399 

- RC (Cassegrain) focus 399 

- Risley variable dispersion prism 
393 

- two plane-parallel plates 392 

- with existing corrector 396 

- zero-deviation 392-394 
Atmospheric refraction 392, 393 
Atmospheric turbulence see Seeing 
Autocollimation 96, 437 

Axial Imagery see Imagery 
Axial obstruction ratio see Obstruc- 
tion 

Axis 3, 23, 24, 60, 61, 88, 101, 148, 150, 
152,161,255,263 

- altitude 242,246,251,424 

- aspheric 261 
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- optical system (definition) 23, 28, 
255, 463 

- second 225,227,230,231,242,243, 
247 

- single 241, 242 

Axis of symmetry 23, 59, 255 
Azimuth angle see Angle, azimuth 

Back focal distance 35, 73 
Back-reflection 219, see also Reflector, 
Mangin 

Baffle 144, 246, 302 

- front 180 

- stray-light see Baffling 
Baffling 115,124,152,180,230,239, 

240, 245, 255, 278 

- by secondary 227 

- stray-light 8, 180, 227, 230 
Bandwidth 

- spectral 150 
Barlow lens 404, 405 
Beam 

- afocal 228 

- converging 158, 333, 393, 394 

- diverging 158 

- telecentric 268, 269 
Beam compression 4, 37, 257 

- factor 37, 38 

- laws 38 

- ratio 37, 38, 48, 55, 257 
Beam compressor 4, 78, 231 

- Mersenne afocal anastigmatic 78, 
227, 229,231,352 

- two-mirror, afocal see Mersenne 
afocal anastigmatic 

Bending 405 

- lenses 170, 221 

- meniscus 204, 206, 218 

- optical 218 

- photographic plates 160 
Best focus see Focus, best 
Binocular 38 

Blank (mirror) 

- aluminium 450 

- beryllium 450 

- borosilicate 450, 456, see also Pyrex 

- fused quartz 444, 446, 455, 456 

- lightweighted 442, 446, 449, 450, 

455, 456 



- lightweighted, built-up 420 

- massive 420, 442, 445, 450, 455, 456 

- meniscus 450, 456 

- 100-inch 438,447 

- Palomar 5 m 446, 452 

- Pyrex 445,446,456 
-6m 450, 456 

- 60-inch 435,446 

- speculum 11, 14, 18, 419, 420, 424, 
429, 432 

- stainless steel 450 

- thin 450,456 
-3m Pyrex (Lick) 452 

- 200-inch see Palomar 
Bore 

- cylindrical 447 
Bowen camera 111, 414 

Boyden station (South Africa) 183 
Buchroeder design see Reflector 
Building see also Dome and Air, local 

- ESO 1.4 m Coude Auxiliary 
Telescope 460 

- ESO 3.6 m telescope 460 

Cage 

- prime focus 447, 452, 453 
Calculation data 

- input 98 

Camera see also Reflector 

- Baker flat-field 183 

- Baker-Nunn 209,211,214 

- photographic 21, 26 

- pinhole 22 

- Schmidt see Reflector 

- Schmidt semi-solid 174, 176 

- Schmidt solid 174-176 

- Schmidt solid (direct form) 175 

- Schmidt solid (folded form) 175 

- spectrograph 114, 174, 175 
Camera objective 

- triplet 144 
Camera obscura 21, 22 

Carl Zeiss (optical works) 366, 406 
Cartesian 

- oval 3 

- system 24, 34, 77 

- theory 5, 11 

Case see also Reflector 

- afocal see Afocal case 
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- aplanatic 94, 97 

- Cassegrain see Reflector and 
Corrector 

- focal 85,93,283,286 

- prime focus see Reflector and 
Corrector 

Cassegrain reflector see Reflector 
Cassegrain system with concave 
secondary 114 
CAT (ESO) see Telescope 
Catoptric system 15, 88 
CCD (Charge Coupled Device) 94, 
98, 239, 326, 455 
CCD array 239, 245 
Cement 

- optical 165 

Centered optical system 57, 59, 158, 
206 

- definition 23 

- ideal 23 
Centering 11,206 

- tolerances 111 

Central obscuration factor 303 
Cervit (glass ceramic) 455, 456 
Characteristic Function 59, 61-66, 85, 
120, 127, 255, 288, 290 
Chromatic limitation 152 
Chromatic variation 147, 148, 152, 
160, 333, 339, 394 

- astigmatism 147, 407 

- coma 147,339,345,347,358,359, 
365, 407, 409 

- first order (Gaussian) terms 147 

- focus (longitudinal colour) 147 

- higher order terms 152 

- spherical aberration 147 

- wavefront tilt (lateral colour) 147 
Chromatism 

- primary 14 

Circle (equation) see Equation, circle 
Classical Cassegrain see Reflector 
Classical Gregory see Reflector 
Coat 

- aluminium 219,241,447,449 

- cleaning 241 

- durable 241 

- multi-dielectric 244, 255 

- silver 219,241,255,426,429 



Coefficients 

- chromatic 147, 349 

- third order aberration 63, 90, 128 

- third order aspheric 84 

Coherence 297 

- partial 297 

Colour see also Chromatic variation 

- lateral 147 

- longitudinal 146 

Coma 

- angular tangential 343 

- chromatic difference see colour 

- coefficient 134 

- colour (chromatic variation) 147, 
339, 345, 347, 358, 359, 365, 407, 409 

- compensation 257 

- decentering 261-272, 274-277, 287, 
288, 444, 445, 449 

- definition 131-134 

- field 2, 5, 14, 19, 62 , 65 , 69 , 75, 76, 
78, 85 , 86 , 89-92, 95 , 97, 101, 103, 

105, 107-109, 117 , 121, 131 , 134, 135, 
138-141, 143, 148 , 149 , 161, 176, 182, 
206, 217, 218, 222, 227 , 229, 243, 244, 
255 - 260 , 262-265, 268, 270, 272, 273, 
275, 276, 287, 290, 292, 314, 327, 329, 
333-335, 339, 341-343, 345, 348, 350, 
354, 356, 357, 359, 373, 376-384, 396, 
405-407, 409, 421, 435, 442, 453 , 454 , 
463 

- field (linear dependence) 85, 86, 269 

- field-uniform (decentering) see 
decentering 

- fifth order 361 

- figure (pattern) see patch 

- inward 134, 202 

- outward 202, 204 

- patch 101, 133, 134, 139 

- rotation decentering 270, 271, 274, 
276 

- sagittal 134 

- Staeble-Lihotzky condition 85, 86, 
120 

- stop-independent 92 

- tangential 19, 133 

- third order 62, 132, 133, 152, 242, 
306,309,311 
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- third order (with optimum tilt) 
309,311 

- total 271 

- translation (lateral, transverse) 
decentering see decentering 

- triangular 62 
Coma limits 

- acceptable 269 
Coma-free point 271-275, 277 
Combination see also Reflector 

- aspheric plate-meniscus 208 

- thin-lens 39, 184 

- two-mirror 42-55,71-110 
Committee (telescope design) 431 
Companar see Reflector 
Compression ratio see Beam 

compression, ratio 
Computer drawing 98 
Computer program (optical design) 

- ACCOS V 207, 286 

- ZEMAX-EE 98 
Computers 85-87, 98, 117, 161 
Concentric zones (ripple) 308-311 
Concentricity 150, 183, 196, 206 
Condenser 

- two-mirror 259 
Condition 

- aplanatic 115, 189, 390 

- Bouwers 169 

- coma-free 259 

- effective flat field 116 

- flat field (Petzval) 94, 115, 116, 225, 
228,239,241,245,251 

- Maksutov 169 
Conditions see also Air, local 

- thermal (in dome) 450 

Conic (Schwarzschild) constant 59, 
64, 82, 84, 226, 243, 332, 361, 363, 369, 
376, 379, 420 
Conic form 84 
Conic parameter 84 
Conic section 3, 13, 28, 58, 59, 82-84, 
96 

- higher order variations from 269 

- strict 58, 59, 84, 269 
Conjugate plane 24, 31 
Conjugate point 23, 26 
Constant 



- aspheric (plate) 146,151,328,347 

- dimensionless profile 154 
Construction (primary) 

- monolithic 242 

- segmented 242, 249, 368 
Contrast 

- imagery 256, 313, 316, 319, 323 

- loss 320 

- negative 321 

- reduction 320 
Contribution 

- “central” see Aberration, “central” 
Control 

- telescope (pointing and tracking) 

450 

Convex lens see Lens 
Convolution 319 
Coordinates 

- Cartesian 24, 117, 306 

- “optical” 304 

- polar (secondary mirror) 117 

- system (diffraction) 294 
Correction 

- chromatic 150, 219 

- field 144, 326 

- fifth order 191 

- monochromatic 152, 407 
Corrector 97, 123, 160, 161, 208, 253, 

325-391,454 

- achromatic 208 

- achromatised doublet meniscus 384 

- afocal 214,215,219,325,348-350, 
363, 372 

- afocal doublet 352-355, 372, 373, 
381,382 

- afocal doublet plus plate 358 

- afocal doublet with single glass 373, 
382, 384 

- aspheric 356 

- aspheric (Schmidt) 150 

- aspheric plate 325, 327-349, 353, 
375 

- aspheric plate plus field flattener 
384 

- Atmospheric Dispersion (ADC) 

368, 385, 392-404 

- Baker concave mirror pair 250 

- Baker reflector-corrector 357 
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- Baranne three-lens 366 

- bigger 367 

- bigger, with aspheric 366 

- Cassegrain focus 331, 340-348, 
363-391,454,457 

- COSTAR 2-mirror 348 

- Delabre 4-lens, 2-glass PF 370-372 

- Dialyte 219 

- double meniscus 217, 221 

- double-pass Mangin 222 

- doublet lens 211, 213, 215, 348-358, 
363, 372, 373, 376, 378-382, 384, 385, 
399, 463 

- doublet plus aspheric 356 

- doublet with ADC 399 

- doublet with hyperboloid 357, 363 

- doublet with single glass 389, 390 

- doublet with two different glasses 
376 

- doublet, fused silica 390 

- Epps 368-370,385,386,390,392, 
396 

- Faulde-Wilson three-lens 361 

- field 119, 145, 146, 287, 325-404 

- for paraboloids 358, 359, 366-368 

- for RC primaries 359, 361, 363 

- four-lens all spherical 358-361,366 

- Gascoigne 327, 330, 334, 336, 341, 
342, 345, 348, 350, 355 

- Gascoigne PF aspheric plate 
330-332, 355, 356 

- Gascoigne plate (Cassegrain) 
342-348 

- Gregory focus 340 

- Hawkins-Linfoot aspheric achromatic 
209,211 

- Houghton-type lens 211, 213-217 

- Kohler (Cassegrain) 365 

- lens 325,339,340,348-391 

- “lensm” 399-402 

- lens-mirror 221 

- Meinel 327,337 

- meniscus 150, 353, see also Reflec- 
tor, Bouwers and Maksutov 

- modern RC 363-367 

- multi-element 339 

- multiple plate 329, 347, 356 

- multiple plates at Cassegrain 347 



- multiple thin lenses 352 

- nearly afocal doublet (Harmer- 
Wynne) 385 

- nearly afocal spaced doublet 
(Sampson) 372 

-Paul 325,327,329,333,351-359, 

363 

- Paul-Baker reflecting-type 369 

- plate 327-348 

- position (relative to stop) 329, 340, 
341, 374 

- powered 406 

- prime focus (PF) 97, 138, 327-340, 
345, 348-373, 408, 411, 416, 417, 

449, 453, 454, 457, 460 

- quasi-afocal (with FR) 404, 405, 
409 

- refracting 151, 326, 369 

- Ritchey-Chretien (RC) 342, 367, 
373, 381, 390 

- Ross 348-353, 358, 359, 363, 381, 
447, 449, 453 

- Ross three-lens 353, 358, 447, 453 

- Ross-type doublet 357, 363, 364 

- Sampson 325, 348 

- Schmidt 151, 161, 165, 214, 457 

- Schmidt achromatic 163-165 

- Schulte 345,356,384 

- Schwarzschild-Bowen pair 250 

- secondary focus see Cassegrain 
focus 

- secondary focus with aspheric plates 
340 

- secondary focus with lenses 372, 
383 

- separated doublet, single glass 349, 

380, 381 

- separated doublet, two glasses 351 

- simple meniscus 172 

- single glass 165, 214, 353 

- single lens 353, 354, 364, 375, 376, 

381, 383, 384 

- single thick meniscus 384, 390 

- single-plate 329, 336, 337, 340-348 

- size 368 

- Su 389,390,399-404 

- supplementary (plate) 140 

- system 147, 255, 373 
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thin 354, 377, 379, 380 

thin afocai 350, 351, 354 

thin afocai doubiet 349, 350, 

354-356, 358, 376, 382 

thin doubiet with one giass type 

379-382 

thin doubiet with two different 

giasses 378, 379, 381 

thin singiet lens 376, 378 

three aspheric plate 329, 337-340, 

347, 364-366, 385 

three quartz lenses 369 

three separated thin lenses 381, 

382, 385 

three weak aspheric lenses 366 
three-element (Epps et al.) 385, 
386,391 

three-element (meniscus) 213 
three-lens 340, 348, 352, 356, 358, 
359, 361, 363-365, 367-369, 384, 385, 
390 

three-lens plus one aspheric 
360-362 

three-lens with aspherics 366 
three-lens, one glass (Wynne) 364 
three-plate 337-340, 347, 348 
three-plate plus field flattener 340, 
364, 365 
tilt 161 

two aspheric plates 333-337 
two fused quartz lenses with quite 
large separation (Su et al.) 390 
two plates at Cassegrain 347 
two separated lenses 357, 358, 380, 
389, 390 

two separated thin afocai doublets 
357,358 

two-element (with FR) 409 
two-glass 390, 411 
two-glass doublet 357, 381 
two-glass meniscus 390 
two-lens afocai see thin afocai 
doublet 

two-lens solutions 384, 385 
two-lenses with one glass type 387 
two-lenses with two different glasses 
388 

two-plate 333-338, 348 



- weak achromatic (Hawkins-Linfoot) 
208 

- Wilson 359-362, 365-367, 383, 384, 
387-389 

- Wynne 326 , 337, 348 , 351, 352, 

354, 356-360, 363 - 367 , 373, 375, 
381-382, 384, 390, 393 - 398 , 400 

- Wynne four-lens 359, 360, 363, 366 

- Wynne three-lens, all spherical 
364-366 

Corrector (Cassegrain focus) 

- aspheric plate 340-348 

- lens 372-391 

Corrector (PF) 

- aspheric plate 327-340 

- lens 348-372 

Corrector plate 101, 160, 188, 191, 

193, 196 

- achromatic (doublet) 161-166, 191, 
192, 194 

- aspheric 186, 208, 340 

- bending 161 

- for astigmatism of an RC telescope 
342 

- Gascoigne (for a quasi-RC system) 
344-348 

- Gascoigne (for a strict RC system) 
341-345 

- Gascoigne (for PF) 331,333,338 

- non- achromatic (singlet) 152, 165, 
186, 187, 191,214 

- sag 161 

- Schmidt see non-achromatic 

- Schmidt-type 357 

- singlet (Paul) 330 

Cosine effect 245 

Cost advantage (spherical primary) 

242 

Coude Auxiliary Telescope (ESO CAT) 
see Telescope 

Crystals 146, see also Glass 

Curvature 28 

- vertex 59, 83 

Czerny- Turner 

- condition 257 

- monochromator 257 

Dall-Kirkham (DK) see Reflector 
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Decentering 54, 86, 266, 267, 269, 272, 
287, see also Aberration 

- angular 270 

- lateral (transverse) 161, 261-270, 
275, 276, 282, 444 

- rotational 270, 271 

- transverse see lateral 
Definitionshelligkeit (Strehl Intensity 

Ratio) 304 

Defocus 61, 158, 292, 306, 308-312, 

320 

- effect 135 

- pure 61, 320 
Deformation 

- aspheric 157 

Derived quantity see Quantity, 
derived 

Design see Reflector 
Despace 

- angular field coma 287 

- axial 279-287 

- field coma 283-287 

- Gaussian terms 279, 280 

- pointing change 288 

- sensitivity 280, 287 

- spherical aberration 280-284, 287 

- transverse 287, 288 

- zero sensitivity (spherical aberration) 
283 

Detector 21 , 40, 123, 124, 169, 190, 
230, 241, 243, 302 , 319 , 368, 405, 409, 
411,452,454 

- CCD 94,98,326,435,455 

- CCD-array 94,98,239,245,326, 
331,414, 417 

- electronic 326, 455, 457 

- faceplate 369 

- image-intensifier tube 452 

- non-linear 138 

- photomultiplier 452 
Diagram 

- see-saw (Burch) 377 
Diameter 

- field 32, 36, 454 

- free 54 

Diaphragm 141, see also Stop 
Diffraction 293-324 

- annular aperture 302-304 



- circular aperture 298-302 

- cross 322, 324 

- effects of spider 322, 324 

- Fraunhofer 293, 294, 296, 297, 
299-301 

- Fraunhofer integral 294 

- Fresnel 293 

- image 295, 297, 299, 300, 305 

- integral 298, 314, 318 

- limit 301, 312 

- rings 300, 304, 320 

- small aberrations 304-312 

- spike 322, 323 

Diffraction limited 19, 215, 229, 302, 
312 

Diffraction pattern 295, 297, 300, 303 
Diffraction point-spread-function (PSF) 
293, 298, 302-304, 310, 312, 318, 319 
Diffraction theory 26, 293-324 

- with aberrations 293, 304-322 
Disk 

- Airy see Airy disk 

- of least confusion 130, 131, 156, 283, 
308, 351, 353 

- Ramsden see Ramsden disk 
Dispersion 

- abnormal 209 

- atmospheric 147, 368, 385, 392, 393, 
395, 396, 400, see also ADC 

- chromatic 8 , 14, 146 , 148 , 155, 157, 
164 , 172, 193, 195, 196, 208, 214, 351, 
359, 376, 400 

- curve 163 

- glasses for ADC 394, 397 

- mismatch (ADC) 395 

- properties 163 

- vector (ADC) 394 
Displacement theorem 305, 312 
Distinct vision 

- minimum distance of 39 
Distortion 62, 65, 66, 138, 141, 148, 

160, 175, 180, 227, 352, 373, 380 

- barrel 138, 139 

- chromatic difference 345 

- pincushion 138, 139 
Dome 

- air mass 455 

- concept 457 
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- fixed 426 

- large 449 

- seeing 440, 455 

- volume 455 

Double star (resolution) 301 
Double-pass (autocollimation test) 

437 

Doublet see Achromatic doublet 

- afocal see Corrector 
Dust 244 

Dutch 0.9 m national telescope (ESO) 
see ESO Telescope 

Eccentricity 59, 95, 120, 189, 226, 331, 
337, 354-356, 364 
Edge 

- “turned-down” 447 

- “turned-up” 447 
Effect 

- photometric 138, 352 

- stop-shift see Stop shift 
Eikonal 85-87, 373 

Electronic detector see also Detector 

- array 98 
Element 

- centered 23 

- double-pass 217 

- optical powered 270 

- reflecting (catoptric) 88 

- refracting (as corrector) 368, 369, 
404, see also Corrector 

- refracting (in catadioptric systems) 
98, 146, 147, 220 

- tilted 255 

Ellipse 8, 58, 59, 83, 91, 96, 102, 124, 
189,229,275,361,372 
Emissivity 

- infra-red 52 
Emulsion 

- photographic 89, 116, 117 

- slow 429 
Energy 

- concentration 202, 207, 209 

- encircled 202, 301 
Energy transfer 85 

Entrance pupil see Pupil, entrance 
Equation 

- analytical 174 

- circle 58, 59 



- conic section 58, 59 

- Korsch (3-mirror) 223, 225, 238 

- linear 29 

- linear diophantine 233 

- Newton’s conjugate distance 25 

- Nijboer 130, 133 

- parabola 58, 59 

- paraxial 35, 233 

- plate profile 342 

- refraction 35 

- Schwarzschild 59 

- stop-shift 66, 77, 89-91, 145, 182 

- transfer 35 
Equatorial mount 13 
Error see also Aberration 

- defocus 140 

- Gaussian 136 

- guiding 61 

- manufacturing (corrector plates) 

165 

- pointing 61 

- tracking 61, 140 

ESO (European Southern Observatory) 
98, 100, 102, 106, 110 
ESO La Silla Observatory see 
Observatory 
ESO Telescopes 

- Coude Auxiliary Telescope (CAT) 
102 

- Dutch 0.9 m (national) 102 

- New Technology Telescope (NTT) 

54, 86, 98-100, 105, 106, 109, 110, 402, 
424, 435 

- Schmidt 1 m achromatic 165, 166 

- Schmidt 1 m f/3.0 161 

- 2.2 m MPIA 322, 323 

- 3.6 m 331-333, 345, 346, 364-367, 
383, 456, 457, 459 

- Very Large Telescope (VLT) 86, 
269, 402-404 

Euler relation 294, 314 
Exit pupil see Pupil, exit 
Expansion coefficient (glasses for mirror 
blanks) 432, 440, 446, 455 
Eye 21, 302 

Eyepiece (ocular) 4, 6, 8, 21, 22, 36-40, 
54, 55, 146, 452 

- Galilean negative 2, 40 
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- Kepler, positive (convex) 6, 9, 10, 
15,37,40,55 

- refracting 9 

f/no 49, 54, 144, 231, 250, 266, 295, 
316, 325,369 

- primary 18, 19, 426, 455 

Feeder telescope 109, 242 

Fermat’s principle 27, 86, 117 

Fibres (multi-object spectrograph) 

370 

Field 60, 66, 82, 85, 256, 269 

- angular see Field angle 

- flat 93, 105, 110, 114 , 178 , 180 , 

183, 186, 191, 194 , 207, 217, 228 , 

239 , 256, 357, 370 

- non-flat 198 

- optimum flat 178 

- small 326 

- small visual 88 

Field angle 21, 31, 32, 54, 98, 128, 239, 
284, 325, 405, 406 

Field correction 

- fundamental design principles 94 

Field corrector 62, 325-391 

- afocal see Corrector, afocal 

- Cassegrain focus 340-348, see 
also Corrector, Cassegrain focus 

- PF 97, 327-340, see also Corrector, 
PF 

- refracting 107, 325, 326 

Field curvature 14, 62 , 65 , 75, 77, 

79, 93 , 94 , 98-101, 105, 109, 111, 

114 , 116, 123, 124, 135, 138, 149 , 
159-161, 177 , 184, 186, 190, 204, 228, 
230, 238, 241, 242, 244, 248, 250-252, 
348, 350, 357, 373, 375, 376, 378, 379, 
383-385,396,407, 454 

- definitions 135-138 

- effective 68, 93, 94, 116, 135, 178, 
190,215 

- improved 250 

- instruments 245 

- mean 331 

Field flattener 94, 123, 124 , 159 , 160 , 
174 , 190, 196, 202, 207, 331 , 345, 366, 
383,414 

- achromatic 172, 173 



- Gascoigne (for a quasi-RC system) 
331-333, 345, 346 

- plano-concave 124, 333 
Field imagery 3, 14, 62 
Field stop 32, 36 
Field-flattening lens see Field 

flattener 

Figure 

- aspheric see Aspheric, form 
Figuring techniques 421, 435, 443 
Figuring term 

- fourth power 151 
Film (photographic) 160 
Film (reflecting) see Coat 
Filter 158, 333 

- blue 159 

- Interference 345 

- low bandpass (spatial frequency) 
316,317 

- narrow-band 175 

- red 159 

Five-fold (aberration) 290, see 
also Aberration, family 
Flat field see Field, flat 
Flat mirror 

- folding 71, 89, 92, 103, 150, 243 

- full-aperture 96 

- Newton 8, 9, 71, 89, 251, 424 
Flexure (PF correctors) 359, 366-369 
Flexure problem (mirrors) 18 
Focal 

- case 85, 93, 104, 105, 272, 283, 286 
Focal extender (FE) 325, 404-406 

- Barlow (diverging) doublets 
404-406 

- cemented achromat 405 

- small-field doublet 406 

- thin 404,405 

- without intermediate image 
404-406, 408 

Focal length 21-23, 29, 34, 36, 37, 39, 
40, 46, 73, 127, 138, 325, 404, 452 

- effective 39, 54, 55, 175 

- equivalent 8, 30, 35, 175 

- image-side 24 

- long 88 

- object-side 24 
Focal point 23 
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Focal reducer (FR) 31,119,325, 
404-417 

- Baker-type 411,413,414 

- Bouwers-Maksutov-type 411 

- Cassegrain pair (Wilson-Delabre) 

416 

- fiat-field anastigmat (MacFarlane) 
415 

- four-mirror (Meinel) 414 

- Hawkins-Linfoot-type 411,412,414 

- ideal 406 

- INCA (Inverted Cassegrain) 

414-416 

- inverse (FE) 325 

- Konica camera objective (Stockholm) 
414 

- Leitz Summicron photographic 
objective (Meinel) 414 

- lens solutions 408-410 

- lens system with field lens 409 

- mirror solutions 407, 409-417 

- Nasmyth (MacFarlane) 414 

- non-spectral mode (spectrograph) 
408,417 

- power 409 

- replacing a PF facility 404, 409 

- Schmidt camera 416, 417 

- Schmidt-Cassegrain 416 

- small-field doublet 404, 406 

- Stockholm 414 

- supplementary, Schmidt-based 409, 
410 

- thin lens theory 404, 406 

- wide-held 406-417 

- with dispersive means (spectrograph) 
409 

- with intermediate image 409-417 

- with Tessar-type collimator 414 

- with uncorrected intermediate image 
409 

- without intermediate image 407, 
408 

Focus 

- best 129, 131, 156, 283, 343 

- best astigmatic 138 

- Cassegrain 114, 119 , 325 — 327 , 

335, 341, 347, 372, 373, 394 , 409 , 414, 
435 , 438, 447, 453 , 454, 457 



- Cassegrain (RC) 407, 408, 414, 443, 
454, 457 

- compensation 130 

- coude 438,447,453-455,463 

- diffraction 304 

- error (aberration) 62, 292 

- hnal 101 

- hxed (Nasmyth) 424 

- Gaussian 128, 129, 131, 135, 153, 
156, 304, 321 

- Herschel (front-view) 19 

- marginal 3, 130, 308 

- mean astigmatic 137 

- Nasmyth 424, 463 

- Nasmyth-type 242, 245-247 

- Newton see Newton focus 

- optimum 312 

- paraxial 3, 29, 129, 130, 308 

- prime see Prime focus 

- Ritchey-Chretien (RC) see 
Cassegrain (RC) 

- sagittal 136 

- tangential 136 

Focus shift 153, 154, 158, 293, 308 

- lateral 69, 131, 140 

- longitudinal 69, 140, 153 

- transverse (image height) see 
lateral 

Focusing 279 

Folded Cassegrain 78 

Folding flat see Flat mirror, folding 

Form see also Reflector 

- afocal see Afocal case 

- angular (aberration) 131 

- aplanatic 96, 282 

- aspheric 3, 6, 11, 13, 64, 70, 98, 151, 
152, 228, 229, 243, 244, 281, 283, 330 

- brachy 278 

- concentric 165, 184 

- normalized 92 

- parabolic 96 

- paraxial (Snell’s law) 29 

- stop-shifted 150 
Formulae 

- aberration 65, 80-82, 186 

- analytical 69-82, 233 

- Cassini 392 
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- conversion (aberration forms) 128, 
139, 283 

- decentering (telescope) 261 

- G-sum 167 

- Korsch 3-mirror 223, 225 

- Maksutov 193 

- paraxial (reflectors) 41-55, 186 

- recursion 55, 70, 233, 234, 236, 238, 
257 

- recursive forms 234 

- stop-shift 66, 69, 89-91, 170, 180 

- thick lens 169 
Formulation 

- explicit (Seidel) 65 

- general, afocal 82, 92 

- Hamilton 62, 63 

- Zernike 288 

Foucault “knife-edge test” 429, 432, 
434, 437 

Fourier theory 312, 315 
Fourier transformation 130, 315, 319, 
321,322 

Free diameter 54 
Freedom 

- degrees of (for corrector lenses) 376 
Frequency (spatial) 312 

- limit 316, 320 

- low 320 

- normalized atmospheric limit 320 
Fresnel law (of reflection) 165 
Function 

- aberration 59-63, 288-292, 315 

- aspheric 91 

- aspherising 435 

- autocorrelation 315, 316, 318 

- axisymmetrical 60, 61, 290 

- Bessel 298, 301 

- circular aperture 299-301 

- dispersion 163, 164, 220 

- line spread 315, 317 

- normalizing 69 

- orthogonal or non-orthogonal 288 

- phase 318 

- prohle 154 

- pupil 314-316, 318, 320 

- rectangular aperture 294-296 

- sinusoidal spatial intensity 316 

- slit 295,297,301 



- variance (Strehl Intensity Ratio) 

307 

- wavefront aberration 127 
Fused quartz 444-446, 455, 456 

Galaxies 

- external 422 

Gauss-error see Spherochromatism 
Gaussian (paraxial) region 28, 36, 57, 
61,86 

Gaussian brackets 233 
Gaussian condition 60 
Gaussian optics 21, 23, 29, 30, 36, 41, 
42,55,57, 60, 86,119 
Gaussian optics approximation 27-29 
Gaussian parameters 50 
Gaussian properties 40 
Gaussian relationships 41 
Gaussian terms 61, 290-292 
Geometrical optics 23, 24, 26, 27, 59, 
87, 293,295,312,322 
Geometry 

- Baker 2-axis 231 

- Brachymedial 222 

- Gassegrain 94, 98, 109, 111, 327 

- Korsch 2-axis 225, 248 

- normalized 104 

- Schmidt 174,230 

- single-axis 243 

- three-mirror 225 

- two-axis 230, 231, 243 
Ghost image see Image, ghost 
Ghost reflections 326 

Glass 14, 146, 148, 154, 155, 165, 166, 
193, 195, 196, 206, 215, 218, 351 

- Astro-Sitall (ceramic) 450, 455 

- block 174, 176 

- borosilicate (Pyrex) 440, 444-447, 
449, 450, 455, 456 

- bubbles 438 

- ceramic 450, 455, 456 



- Gervit (Owens Illinois) 


455, 456 


- choice 196 




- classical main sequence 


221 


- common 14, 405 




- crown 196, 333, 339 




- diagram (optical glass) 


193 



- expensive 193, 405 

- hlter 326 
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- flint 14, 186, 209 

- lead 165 

- low-expansion 444, 450 

- low-expansion borosilicate (Pyrex) 
see borosilicate (Pyrex) 

- mass 438, 450 

- near zero-expansion 455 

- normal 163, 164, 174, 219-221 

- optical 163, 193, 195, 217, 419 

- pairs (ADC) 393 

- plate 431,432,435,440,446,455 

- plate (crown) 432 

- quartz see Quartz 

- real (ADC) 393 

- Schott UBK7 157, 163, 460 

- silvered 426,429,430,432,434 

- single type 214, 339, 348, 349, 358, 
360,363,376,378,380,385 

- special 146, 196, 209, 218, 220 

- two types 363, 368, 373, 380, 392, 
395, 404 

- volume 450 

- zero-expansion 455 

- Zerodur (Schott) 455, 456 
Glass catalogue 

- Chinese 399 

- Schott 193 
Glasses 

- different (PF correctors) 364 
Glassworks 

- Corning 446,455,456 

- General Electric Company 446, 455 

- Owens Illinois 455 

- Schott 193,450,455 

- St. Gobain 435, 438, 444 
Graticule 34 

Grating 257 
Grazing incidence 5, 101 
Gregory see Reflector 

Hamilton theory 59-63, 255, 288 
Herschel condition 421 
Higher order (aberration) theory 
82-84 

Hubble Space Telescope (HST) see 
Telescope 

Hubble’s redshift law 440 
Hyperbola 9, 59, 84, 91, 96, 102, 108, 
226, 238, 242, 335, 336, 348, 368, 384 



Image 24 

- “axial” (Schiefspiegler) 256-260, 
278 

- comatlc 101 

- diffraction 293-321 

- Gaussian see paraxial 

- Gaussian lateral shift (despace) 287 

- geometrical quality 87 

- ghost 165, 326, 327, 331, 345, 359, 
366, 384, 414 

- motion 319 

- paraxial 37, 130 

- position (final) 47-49, 94, 255, 273, 
274 

- primary 54, 97, 326, 327 

- quality 82 

- real 21, 33, 103, 104 

- round geometrical 101 

- secondary 97 

- shift (despace) 280, 283, 284 

- stability 275 

- uncorrected intermediate (FR) 409 

- virtual 103, 112 

Image formation 24, 28, 130 

- ideal 24, 28 
Image height 71 
Image shift 

- despace 280 

- transverse (despace) 287 
Image space 24 
Imagery 

- axial 3, 11 

- direct 175,206,241 

- held 3 
Imaging 21 

- direct 408,409,452 
Incidence 

- angle of 27 

Incident beam see also Gzerny- Turner 

- compression 257 

- expansion 257 

Incoherent illumination 297, 301, 308, 
309, 313-315, 318, 320, 321 
Index see Refractive index 
Infra-red observation 51, 97 
Instrument (auxiliary) 21,111,402, 
408 

Intensity 294, 295 
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- distribution 295, 299, 300, 302 
Interferometry 

- Fabry-Perot 414 
Invariance 64, 289 
Isoplanatism 314 

Lagrange Invariant 30-32, 38, 39, 48, 
64, 70, 141, 331, 349, 374 
Lateral (transverse) decentering 261, 
263 

- Schiefspiegler interpretation 261 

- strict case 263 
Layout (telescope) 

- initial 77, 188, 189 
Lead see Glass 

Length 180,186,191,215,218,445 

- constructional 165, 178, 190, 191 

- effective 185 

- favourable 178 

- optical 124, 215 

- physical 114, 161 

- reduced 182 

- total 201 

Lens 3, 5, 6, 148, 160, 208, 219, 326 

- additional corrector 196, 198 

- aspherised 209, 356 

- bending 167,349,351,353,354,356, 
358, 365, 376, 381, 382, 384 

-field 22,331,405,408,414,416 

- field-flattening 94, 123, 159, 160, 
190, 331, 366, see also Field flattener 

- finite thickness 351,356,409 

- liquid 404 

- meniscus (PF corrector) 384 

- negative 190, 193 

- negative Mangin 222 

- negative, field-flattening (RC 
corrector) 383 

- objective 6 

- power 144, 146, 148, 349, 351, 358, 
365, 378, 381 

- powered 146 

- quartz (correctors) 363 

- shape 168, 170, 351 

- singlet, field (FR) 409 

- spectacle quality 9, 11 

- thick 168, 169 

- thickness see finite thickness 



- thin 41, 65, 146, 159, 167, 168, 195, 
348, 351, 352, 354, 356, 373-375, 381 

- thin positive (biconvex) 41,65 

- tilted plano-convex 260 

- triplet group corrector 209 
Lens corrector see also Corrector 

- Houghton-type 213-215, 217 

- Lurie- Houghton 214-216 

- Richter-Slevogt 213 
Lens forms 101 

Lens formula 25, 43 
Lens system 

- afocal supplementary 55 
Lenses 

- off-axis sections (ADC) 399 

- separated and powered 359 

- thin, separated 40, 219, 221, 380, 
390 

Light 

- incident 24 

- wave nature 26 
Light ray see also Ray 

- definition 26, 28, 57 

Light transmission power 38, 39, 48, 
50 

Light-gathering power 11, 15, 18, 255 
Limit case (afocal telescope) 98 
Line spread function (LSF) 315, 317 
Linearity 29, 35 
Losses 

- absorption 38 

- reflection 38 

LSF see Line spread function 
Luminous wire 

- incoherent 297 

Magic number (Fibonacci) 103, 273 
Magnification 22 , 24 — 26 , 37 , 38 , 54, 
55, 58, 146, 224, 242, 259, 302 , 313, 
378, 404 - 407 , 409, 415, 422 

- afocal system 48 

- angular 55 

- Barlow 405, 406 

- empty 302 

- field angle 55 

- Inverse 234 

- secondary 43 , 73, 113 , 115 , 142, 
185, 190, 191, 247, 256, 286, 287, 354, 
378, 453 
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- transverse 30 

- unit 23, 24, 31 
Magnification factor (lens) 351 
Magnification laws 38, 55, 279 
Magnifying power 20 
Magnitude 

- limiting 452 

Maintenance (telescope optics) 128, 
269 

Major planets (Schiefspiegler advan- 
tage) 256 

Maksutov circulars 198 
Malus’ theorem 86 
Mangin-type systems see Reflector 
Manufacture 1, 2, 9 , 10 , 11, 13, 46, 88, 
101 , 105, 107, 111, 140, 165 , 186, 191, 
207 , 253, 256, 260, 279, 340, 345, 347, 
361, 426, 431, 432, 442 , 445 , 454 

- errors 319 

- specification 98 
Mask (testing) 421 

- zonal 421,437 

Material (mirror blank) see also Blank 

- low-expansion 440 

- zero-expansion 440 
Matrix spot-diagram 

- single-column 88 

- single-focus field-wavelength 87, 98 

- through-focus 88, 98 
Maximum (diffraction PSF) 

- central 295, 297, 299, 303-305 

- secondary 295, 297, 299, 300, 
303-304 

Mechanics 

- telescope 18, 450 

Medium (optical) 24, 26, 27, 29, 33, 

36, 145, 148, 172 

- image 24, 39 

- object 24, 39 

Meniscus 165, 168, 170, 193, 196, 202, 
217, 222 

- achromatic 218 

- back surface (as secondary) 202 

- Bouwers 196 

- concave 168 

- concentric 150, 168-170, 172, 195, 
209,213,396 

- concentric Bouwers 152, 167, 193 



- concentric shells 209 

- contribution 193 

- double-pass 217 

- Maksutov 169, 172, 193, 195, 206, 
218 

- Mangin 219 

- quasi-concentric 213 

- simple 196 

- solution 165 

- strongly asymmetric thickness 213 

- thick 168 

- thick concentric 167 

- two-glass achromatic Bouwers 
concentric 193, 218 

Mersenne afocal telescope see 
reflector 

Metric (length) 353, 374 
Microscope 85 

Miniature camera format 201, 204 
Minimum (diffraction PSF) 

- secondary 297, 300, 301, 303 
Mirror 3, 5, 6, 219, 409, see also Blank 

(mirror) 

- aspheric 3, 105, 145, 174, 176, 177, 
180, 223, 240, 252, 257, 325, 377, 380 

- built-up cellular 443 

- centered concave 71, 89 

- concave 2, 3, 6, 13 

- confocal, paraboloidal 92 

- cylindrical Nasmyth 252, 416 

- deformed plane 325 

- field 410, 416 

- field, concave 416 

- flat (2-axis solutions) 242, 253, 416 

- large 241 

- Mangin 213,217,218,220,221 

- metal 450 

- Newton, plane 9, 89 

- plane 53, 71, 89, 142, 176, 185, 242, 
255, 267, 278, 345, 416, 437, 442, 445 

- powered 89, 142 

- primary see Primary mirror 

- Schmidt-type spherical 242 

- secondary see Secondary mirror 

- segmented 249 

- silver-on-glass 426, 429, 430, 432, 
435 
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-speculum 11,14,18,255,419,422, 
424, 450 

- spherical 3, 9, 67 , 68 , 89 , 97, 148 , 
153, 168, 183-187, 214, 215, 229, 241, 
242,256,257,415 

- support 18, 89, 245 

- tertiary 228, 238, 240 

- toroidal 252, 253, 260 
Mirrors 

- four, powered 230, 241-244, 247, 
254 

- three aspheric 251 

- two aspheric (Schwarzschild) 114 

- two spherical (concentric Schmidt- 
Cassegrain) 183 

- two tilted (Schiefspiegler) 255 
Modal concept 

- aberration function 306 
Mode 

- natural vibration 62, 293 
Modulation Transfer Function (MTF) 

278, 313, 314, 317-321 

- degradation (aberrations) 321 

- diffraction 316-321 
Monocentric (system) 191, 193 
Monocentricity 184 
Monomial functions 293 
Mounting 89 

- altazimuth (alt-az) 18, 242, 245, 
423, 450, 452, 455-457, 461, 463 

- English cradle-type 438, 447 

- equatorial 423, 426, 435, 455, 456 

- fork-type 438 

- horseshoe equatorial (Palomar type) 
447, 463 

MTF see Modulation Transfer 
Function 

Natural (vibration) mode 62, 86, 293 
Nebula 

- M31 in Andromeda 435, 440 

- spiral 422 
Negative (test glass) 

- concave 101 

Neutral point (coma) 271 
Neutral point (pointing) 271,272 
Newton focus 8, 70, 89, 325, 423, 424, 
426, 432, 434, 435, 438, 447 
Nodal point 26, 33 



Normalization 66 , 70 , 71, 77, 90 , 92, 
105, 107-109, 115 , 116, 122, 123, 126 , 
128, 134, 144 , 153, 177, 180, 182, 185, 
190, 193, 225, 235, 238, 276, 283, 287 , 
289, 290, 295, 307, 308, 314-317, 320, 
321, 328-347, 349, 350, 353, 374, 379 
NTT (ESO) see ESO Telescopes 
Null test (system) 96, 361, 437, 445 

Object 

- extended 312, 429, 457 
Object space 24, 26, 33, 54, 142 
Objective 

- achromatic (doublet) 8, 14, 17, 21, 
36-38, 40, 144, 163, 164, 218, 405 

- camera 22 

- convex lens (singlet) 2, 6, 14, 17 

- lens 218-221,404 
-photographic 5,21,40,54,55,114, 

147, 148,408,414 

- singlet (Dialyte) 219 

- telescope 22, 36-40 

- thin 36, 39, 41 

- triplet 14 

Objective prism (ADC) 396, 397, 399 
Oblate spheroid 59, 107, 117, 178, 182, 
274, 275, 283 

- convex 108 

Obscuration factor 302-304, 310, 311 
Observation 

- astrometric 138 

- astronomical programme 431 

- bird-watching 38 

- Cepheid variables 440 

- galaxy M31 in Andromeda 435, 440 
-infra-red 51,97,272 

- Jupiter (test object) 438 

- Milky Way 440 

- Moon and major planets 256 

- photographic 186, 431 

- planetary 320, 438 

- spectroscopic 431 

- spiral structure 422 

- Sun 39 

- Vega (test object) 440 

- visual 186, 190, 204, 256, 438, 452 
Observatory 

- Armagh 183,424 

- Bjurakan 460 
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- Dublin 183 

- ESO La Silla 102, 456, 460 

- Harvard College 183 

- Karl Schwarzschild (Tautenburg) 

157, 462 

- Lick 369,444 

- McDonald 324 

- Michigan 456 

- Mt. Palomar 157, 445, 446, 448 

- Mt. Wilson 440 

- Royal Greenwich 461 

- St. Andrews University 183 

- Tautenburg see Karl Schwarzschild 

- Urania, Berlin 221 

- US Naval, Washington 54, 95, 266, 
444, 445 

- Zelenchuk 451 

Obstruction 115,116,191,223,247, 
251, 252, 276, 278, 384, 406 , 409, 
411,443,445,453 

- central (axial) 230, 256 , 259, 260, 
277 , 278 , 287, 302 , 303, 316, 319, 
320,323,352,414,444 

- detector 411 

- field supplement 126, 230 

- front-view 8 

- linear 124 

- ratio (axial) 46 , 54, 77 , 91, 113, 115, 
116, 160, 180, 184-186, 209, 229, 239, 
243,273, 276,319,373,453 

Ocular see Eyepiece (ocular) 

Oil 

- optical immersion 394 
Oiled contact 394 
Opera glasses 40 
Operation (telescope) 89 

Optical design 24, 63, 70, 77, 144, 170 
Optical design program 83, 98, 155, 
161,170,269,288,322 

- ACCOS V 207, 286 

- ZEMAX-EE 98 
Optical figuring 18 

Optical geometry see also Layout, 
telescope 

- Bowen 452 

Optical glass see Glass, optical 
Optical length see Length 
Optical path 26,27,35,117,161 



- length 27, 86, 160, 293 

- total 85 

Optical power 41, 52, 89, 148, 151, 255 

- zero (plane secondary) 54, 327 
Optical system 

- centered 23, 26, 28, 32, 66 

- ideal 23, 24 

- non-centered 23, 255 
Optical theory 

- Gaussian 21 

- third order see Theory 

Optical Transfer Eunction (OTF) 304, 
312-317, 319, 322 

- multiplicative form 319 

- theory 312 
Optical works 

- Carl Zeiss 366, 406, 440, 463 

- Grubb-Parsons 457 
Optics 

- Gaussian see Gaussian optics 

- geometrical 23, 24, 26, 27, 59, 87 

- large 255 

- physical 26, 293-324 

- spectrograph 111 

- telescope 26, 402 
Optimization 170, 174, 191, 238, 288, 

325 

- computer 98, 155 

Order (aberration) see Aberration, 
order 

Orthogonality 289, 290 
OTF see Optical Transfer Function 
Output data (optical design) 98 
Overcorrection (spherical aberration) 
159 

Overhang method 13 

Parabola 3 , 5, 11, 13, 18, 28 , 58 , 59 , 
67 , 68 , 83 , 84, 89 , 90 , 96, 102, 103, 
129, 178, 182, 189, 218, 229, 244, 255, 
336, 348 , 351-354, 357, 367, 372, 390, 
400, 401, 420 , 421, 435 , 447, 457 
Parabolic primary mirror 67, 68, 83, 
89 

Parabolising 13,421,435 
Paraboloid see also Parabola 

- confocal (Mersenne) 227, see 
also Reflector 

Parameter 
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- aplanatic 64 

- aspheric 64, 237, 344 

- basic system (constructional) 70, 
234, 238 

- dependent 279, 284 

- derived 77 

- independent 279, 284 

- natural 233, 234 

- normalized 77 

- paraxial 41, 55 

- profile 154 

- ray tracing 46 
Paraxial 29 

- calculation 129 

- quantity 35 
-ray 29,42,51 

- region 28, 29, 33, 86 

Paraxial aperture ray 55, 65, 66, 70, 
142, 143, 234, 262 
Paraxial data 66, 67 
Paraxial equations 

- linear nature 65 
Paraxial parameter 41, 55 
Paraxial principal ray 55, 65, 66, 70, 

73, 74, 142, 143, 224, 234, 262 
Paraxial ray-trace 35 
Paraxial relations (2-mirror) 42-55, 
73, 77-79, 264, 269, 285 
Parseval’s theorem 315, 319 
Petzval curvature 70, 191, 331, see 
also Field curvature 
Petzval sum 64, 147, 159, 180, 184, 
191,228, 373, 378, 416 

- chromatic variation 147 
Phase error 27, 57 
Phase shift 65, 313, 314 
Photographic camera see Camera 
Photographic emulsion 111 
Photographic grain 214 
Photographic law 429 
Photographic system 33 
Photography 21, 190, 206, 406, 432, 

435, 438, 443, 457 

- classical 453 

- nebular 433 
Photometry 

- photographic 444 

Physical length see Length, physical 



Pitch lap (polisher) 9, 18 

Plane 

- tangential see Section 

Plane mirror see Mirror, plane 

Plane-parallel plates see Plate, 

plane-parallel 

Plant growth 103 

Plate 144, 152, 153, 155, 160, 327-348 

- achromatic 124, 161-166, 182, 186, 
191,211,339 

- aspheric 144, 145, 148, 165, 174, 
177, 180, 182, 184, 193, 213, 214, 227, 
254, 326-348,356,411 

- aspheric refracting corrector 
(Schmidt) 151, see also Schmidt 
corrector 

- aspheric singlet 183 

- aspheric surface 152 

- asphericity 157, 178, 185, 186, 191, 
208, 337, 343 

- bending see photographic, bending 

- conjugate, virtual see virtual 

- corrector 142, 143, 152, 161, 165, 
176-191,208,327-348 

- deformation 178 

- diagram (Burch) 140 

- distance (from primary) 191 

- doublet corrector 161, see 
also achromatic 

- filter 159 

- form 190 

- full-size aspheric (object space) 
143-145, 340 

- Gascoigne (Cassegrain) 342-347 

- Gascoigne (PF) 331-333, 337, 342 

- Gascoigne (with field flattener) 
331-332, 454 

- glass, in air 146 

- larger (corrector, PF) 337 

- non-existent 191 

- photographic 115, 138, 160, 161, 
165,166,326, 373,383,452 

- photographic (baked) 363, 453 

- photographic (unbaked) 452, 455 

- photographic, bending 160, 383 

- plane-parallel 154, 157, 158, 172, 
326, 333, 392, 394, 396 
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- power (strength) 144, 337, 339, 342, 
347,381 

- profile 145, 156, 157 

- profile constant 146 

- real aspheric (corrector) 328, 340, 
341 

- refracting 141, 142 

- Schmidt corrector 151, 154, 
157-159, 164, 165, 175, 209, 213, 330, 
333,337, 342,347, 460 

- shift 144 

- single-glass set 339 

- singlet corrector (field) 144, 
327-336, 340-348 

- singlet corrector (pupil) 144, 151, 
157,161,186, 190 

- spacing 143-144, 337, see also 
power 

- strength see power 

- strong 186, 339 

- theory 140-146, 193, 227, 229 

- thickness 154, 158, 326, 333 

- triplet corrector 143-144, 337-340, 
348, 361-367 

- two separated 327, 334, 348 

- virtual 146, 327, 328, 340, 341 
Plate theory 

- aspheric 140-146, 193, 227, 229 
Plateholder 115, 160 

Point source 21, 26, 293, 297, 298, 308, 
309 

Point-spread-function (PSF) 293, 298, 
302,303,315,317-319 

- geometrical (optical) 88, 322 
Pointing (tracking) 21, 61, 147, 272, 

393 

Points 

- coma-free (neutral) 271 

- pointing-free (neutral) 271 
Polarisation 293 

Polishing 420, 457, see also Figuring 
techniques 

- repolishing (speculum) 431 
Polynomial 

- aberration 291,306,309 

- aspheric surface 59, 83 

- degree 289 

- Hermite 293 



- Jacobi 290, 293 

- Laguerre 293 

- Legendre 290, 293 

- orthogonal 288, 293 

- radial 289-290 

- Tschebyscheff 293 

- Zernike 62, 86, 288-293 
Power 

- aspheric 144 

- cylindrical 260 

- dispersive 193, see also Dispersion 

- finite (FE and FR) 404, 407 

- high individual (separated lenses) 
359, 385 

- individual (achromatic Schmidt 
plates) 164 

- lens 25,40,366 

- optical 26, 30, 71, 144, 146, 170, 242, 
404 

- residual optical 43, 164 

- total 40, 146, 168, 404, 406 
Power of penetration 20 
Powered mirror 

- single 40, 41 

- third 223 

- two 42 

Primary image 54, 97 

- real 46, 109, 112 

Primary mirror 6, 8, 11, 13, 40, 50-52, 
66, TO, 71, 74, 77, 90-96, 102, 103, 

105, 108, 113, 114, 117, 123, 124, 126, 
141, 142, 144, 145, 148, 152, 153, 159, 
161, 176, 180, 183, 191, 244, 257, 258, 
261, 262, 266-268, 272, 274, 284, 285, 
327, 329, 331, 339, 373, 374, 420, 426, 
445 

- aberration coefficients for 72 

- asphericity 161,337,372,454 

- Cassegrain 71, 186 

- classical 90, 96, 119 

- concave 107, 112, 149 

- convex 111, 113 

- Dall-Kirkham (DK) 102 

- eccentricity 331, 336, 345, 354, 364, 
390, 453 

- elliptical 372 

- ESO 3.6 m, f/3.0 quasi-RC 340 

- fast 366,435 
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- field curvature 159, 331 

- fixed spherical 278 

- hyperbolic 97,116,327,330,334, 
335, 337, 338, 353-355, 357, 358, 390, 
391 

- Kitt Peak 3.8 m, f/2.8 RC 340 

- lightweighted structure see Blank 
(mirror) 

- modern RC 367 

- naked 453 

- Newton paraboloidal see parabolic 

- non-parabolic (with correctors) 330 

- oblate-spheroidal 178, 357 

- overcorrection (RC) 457 

- Palomar 200-inch 446, 449, 453 

- parabolic 101, 120, 151, 178, 186, 
229, 231, 242, 254, 264, 327, 329, 
333-338, 340, 347-358, 375, 382, 

385, 389, 390, 399, 419, 442, 445, 449, 
453, 454 

- perforated 229, 230 

- quasi-Ritchey-Chretien 337, 338, 
344, 381,454-456 

- Ritchey-Chretien (RC) 95, 97, 

119, 330, 331, 336-338, 354-356, 

359, 363, 364, 368, 454-456 

- Schmidt 151, 159 

- segmented 242, 249, 368 

- single concave 71, 80 

- spherical 67, 68, 88, 89, 97, 105, 

107, 124, 128, 139, 149, 151, 152, 
178, 186, 188, 191, 213, 217, 240, 242, 
243, 247-255, 266, 276, 330, 334, 338, 
357, 416, 460 

- Spherical Primary (SP) 105 

- steep 152, 190, 242, 247, 416 

- strongly hyperbolic 336-338 

- structure (blank) 445, see also 
Blank (mirror) 

Prime focus (PF) 40, 42, 51, 89, 90, 
97, 101, 119, 198, 217, 271-273, 275, 
325, 327, 329, 331-340, 345, 347- 
372, 406, 414-417, 447, 452-454, 

457 

Prime focus field corrector see 
Corrector, prime focus 

Principal plane 23, 26, 29, 31, 32, 36, 
39,40,42,86,119 



- image 23, 24, 39, 42 

- object 23, 24 
Principal point 23, 26, 41, 86 
Principal ray 28, 32-34, 36, 172 
Principal section 28 

Prism 8, 394 

- curved face 399 

- objective 396, 399 

- pair 396 
Problem 

- flexure see Flexure 

- handling (FR) 406 

- manufacturing (massive blanks) 

442 

- mechanical 18, 419, 422 

- tarnishing 11, 18, 429, 431, 432, 447 

- thermal 440,442,445,450,455 

- 2-axis tracking 450 
Procedure (third order theory) 

- non-normalized 70 
Profile 

- corrector plate 152 
Program 

- optical design see Optical design 
program 

Projection 

- solar 22, 39 
Proof plate 

- interference 180 
Protection 

- dust and wind 429 

PSF see Point-spread-function 
Pupil 28, 87, 133, 137, 142, 148, 152, 
157, 160, 217, 218, 222, 242, 244, 245, 
250, 252, 258, 259, 289, 306, 307, 314, 
322,327, 409,411,414 

- circular 298,302,304,309,310,317, 
318 

- division 87 

- entrance 32—34,36—38,41,51, 

52, 66, 70, 87, 145, 223, 231, 242, 244, 
272, 273, 275, 284 

- exit 5, 6, 9, 15, 32, 33, 37, 38, 40, 

41, 51, 52, 55, 133, 135, 227, 231, 242, 
272-275, 294, 304, 316, 404, 407, 408, 
414 

- eye 38, 40 
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- free from aberrations and obstruction 
318 

- full circular (unvignetted) 298, 304, 
309,310 

- masking 323 

- non-axial symmetrical obstruction 
322 

- position see Pupil position 

- shearing 316, 317 

- spider obstruction 322-324 

- telecentric 34, 404 

- theory of 55 

- transfer 416 

- transferred 242,246,248,250-254, 
409,411 

Pupil position 33, 64, 66, 95, 144, 148, 
273 

Pupil shift 66, 230, 258, see also Stop 
shift 

Pupil transfer 

- Schmidt-type see Pupil, transferred 

Pyrex 445, 446, 456, see also Blank 

(mirror) 

Quadratic (aberration term) 290, 292, 
see also Aberration, family 

Quantity 

- derived 53, 279 

- normalized 77 

Quantum efficiency 453, 455 

Quartz 

- fused 444-446,455,456 

- fused segments (boules) 446, 455 

- ULE fused 444, 455 

Radiation 26 

Ramsden disk 15, 37, 38, 40, 302 

Ray see Light ray 

- aperture 142, 143, 268 

- definition 26, 28, 57, 293 

- finite 85, 87, 117 

- marginal 64, 130, 133, 136, 158, 322 

- paraxial 3, 29, 55, 64, 65, 70, 85, 

130, 136, 142, 143, 158, 224, 233, 

234, 262,339,340,351 

- paraxial aperture 65, 66, 70 

- paraxial principal 64-66, 70, 73, 74, 
224, 235, 258 



- principal 27, 32, 33, 34, 71, 131, 
133-136, 142, 143, 148, 150, 170, 
172, 175, 235, 268, 326, 339, 347, 361, 
409 

- skew 28 

- wavefront normal 57 

Ray tracing 14, 29, 41, 57, 65, 82, 
85-87, 155, 161, 234, 238, 286, 288 

- paraxial 35, 43, 52, 53, 64, 69, 71, 90, 
233 

Rayleigh criterion 129, 132, 301, 302, 
306, 316 

Rectangular aperture 293-298 
Rectangular grid (for spot-diagrams) 

87 

Recursion formulae 55, 70, 233, 236, 
238, 257, 261, 263, 268, 269, 280, 284 
Redundant digits 98 
Reference sphere 61, 129, 131, 421, 435 
Reflecting telescope see Reflector 
Reflection 27, 34, 165 
Reflection equation 35, 50 
Reflectivity 11, 14, 19, 219, 241, 244, 
255, 279, 422, 429, 432, 447 

- low 11,419,432 

Reflector 1-6, 8, 10, 11, 13, 14, 17, 18, 
20, 36, 98, 111, 148, 247, 302, 419, 
431, 432, 433, 463, see also Telescope 

- advances 89 

- afocal 37, 82, 281 

- afocal (Mersenne) 4, 5, 6, 9, 48, 55, 
78, 91-93, 96, 103, 117, 227, 230, 
241,242,267, 268,285,324 

- afocal Dall-Kirkham (DK) 105, 267 

- afocal Spherical Primary (SP) 108, 
109, 268, 274 

- anastigmatic 93, 184, 191, 225-227, 
259 

- aplanatic (2-mirror) 5, 89, 93, 
94-98, 101, 111, 114-122, 126, 265, 
266, 272, 273, 284, 286, 287, 373, 442, 
443, 454 

- aplanatic Gregory 95, 97, 101, 267, 
273, 274, 277, 284, 342 

- aplanatic Maksutov-Cassegrain 
198, 201, 207 
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- aplanatic Ritchey-Chretien (RC) 

94, 98, 100, 101, 119, 122, 265, 442, 
454, 456 

- aplanatic Schmidt-Cassegrain 
(Baker-type) 186-192 

- Ardeberg et al. (Nordic) 25 m 249 

- Arecibo (fixed primary) 254, 278 

- Baker 3-mirror, 2-axis anastigmatic 
231, 247, 248, 250 

- Baker reflector-corrector 357 

- Baker Schmidt-Cassegrain 178, 
180-185, 191 

- Baker Super-Schmidt 209, 211, 213 

- Baker-Nunn Super-Schmidt 209 

- Baker-type FR see Focal reducer 

- Baranne-Lemaitre 4-mirror, single 
axis 249 

- Baranne-Lemaitre 4-mirror, two axis 
253 

- basic forms 40 

- Bouwers (concentric) 148, 150-152, 
165, 167, 168, 174, 193, 206, 208 

- Bouwers achromatic concentric PF 
or Cassegrain 186, 193-196, 208 

- Bouwers concentric (with additional 
weak lens) 196, 198-200 

- Bouwers-Maksutov-type FR see 
Focal reducer 

- Buchroeder Houghton-type 214 

- Burch anastigmatic 279 

- Busack improved Medial-type 222, 
223 

- Cassegrain 4,5,9,10,13,15,40, 

42 , 43 , 46 - 53 , 55, 88, 90 , 93-97, 101, 
102, 107, 108, 111, 114, 126, 134, 142 , 
143 , 147, 152, 183-185, 204, 217, 227, 
240, 241, 252, 256, 261, 265, 267, 268, 
270 , 272-276, 282, 287, 288, 302 , 322, 
326, 340 , 341 , 347, 348, 373 , 374, 

382, 407, 415, 419, 423, 426 , 431, 432, 
444 

- Cassegrain afocai see afocai 
(Mersenne) 

- Cassegrain Daii-Kirkham (DK) see 
Daii-Kirkham 

- Cassegrain Ritchey-Chretien (RC) 
see Ritchey-Chretien (RC) 



- Cassegrain Spherical Primary (SP) 
see Spherical Primary 

- centered 255 

- centered, two-mirror (off-axis) 260 

- Chretien (original RC) 116, 117 

- classical (2-mirror) 5 , 88 , 92, 93, 
95-98, 101, 107-109, 111, 134 , 152, 
265, 272, 282, 286, 444, 452 - 454 , 

456 , 460 

- classical afocai Mersenne see afocai 
(Mersenne) 

- classical Cassegrain 67 , 68 , 88, 

90 , 91, 92, 94, 98, 99 , 101, 102, 104, 
105, 119, 120, 122, 139, 140 , 254, 

264 , 265 , 266, 267, 271 , 275-277, 

282, 284 , 286, 347, 372, 373, 375-381, 
384-386, 389, 391, 404, 405, 444, 457, 
see also Cassegrain 

- classical Gregory 67, 68, 88, 90-92, 
267, 271, 284, see also Gregory 

- Companar 209 

- compound (2-mirror) 4, 5, 6, 9, 

11 , 42 , 43, 46, 50, 54, 69, 71 , 77, 78 , 
80 - 82 , 88, 90 , 95, 98, 101, 109 , 111 , 
114, 124, 127, 138, 144, 145, 150, 174 

- concentric (monocentric) Cassegrain 
208, see also Hawkins-Linfoot 

- Couder (anastigmat) 111, 116, 119, 
122-126, 152, 159 

- Dall-Kirkham (DK) 67 , 68 , 88, 
101 - 109 , 266, 267, 271-273, 275-277, 
282-284, 372 

- Dall-Kirkham (DK) Gregory 104, 
267, 282, 284 

- decentered 255, see also Schief- 
spiegler 

- Delabre 4-mirror, single axis 248, 
249 

- Delabre Brachymedial 222 

- design (third order) 89 

- double or multiple meniscus 212 

- double-pass Cassegrain 240, 254 

- Epps and Takeda 3-mirror 230 

- fast, wide-field 4-mirror see Delabre 
4- mirror 

- first modern (Crossley) 432 

- five-mirror 2-axis (Wilson-Delabre) 
251 
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folded (flat) Cassegrain 54, 78, 89, 
103 

folded Gregory 78 
Forster and Fritsch Brachy Casse- 
grain 255 

four-mirror 223, 235, 236, 238, 
240-250, 252, 254 

four-mirror, single-axis Cassegrain- 
Gregory 250, 251 
Gregorian equivalent of Paul-Baker 
(Baker) 231 

Gregory 4, 6, 7 , 9, 13, 17, 40, 42, 

43 , 46 - 53 , 55 , 88, 90 , 94-97, 101 - 
103 , 108, 109, 112, 114, 126, 266 , 267, 
268, 270, 273-276, 340 , 341, 372 , 414, 
419 

Gregory afocal 78, see also afocal 
(Mersenne) 

Gregory Dall-Kirkham (DK) see 
Dall-Kirkliam 
Gregory limit case 103 
Gregory Spherical Primary (SPG) 
284, 287 

Hamilton Brachymedial 219, 220 
Harmer-Wynne 382, 384 
Hawkins-Linfoot monocentric 
Gassegrain 208-210 
Hawkins-Linfoot Schmidt-Bouwers 
PF 208, 209 

Hawkins-Linfoot-type (FR) see 
Focal reducer 

Herschel (front-view) 2,6,11,18, 
40,41,90, 255 

Houghton afocal doublet corrector 
(Richter-Slevogt) 213-217 
hyperbolic primary (high eccentric- 
ity) 336, 337 

inverted Gassegrain (INCA-type) FR 
see Focal reducer 

Korsch 3-mirror, 4-reflection 240, 
241 

Korsch 3-mirror, single-axis 67, 68, 
223-227, 238, 239, 278 
Korsch 3-mirror, two-axis 223-225, 
231,238,246,247 

Korsch double Cassegrain (4-mirror) 
254 



- Kutter anastigmatic see Schief- 
spiegler 

- Kutter catadioptric see Schief- 
spiegler 

- Kutter coma-free see Schiefspiegler 

- Kutter Schiefspiegler 255-259, 278, 
320, see also Schiefspiegler 

- laterally decentered 2-mirror 264 

- Laux 3-mirror 239 

- lens telescopes with catadioptric 
correction 219 

- Leonard Schiefspiegler (Solano and 
Yolo) 260 

- Linfoot monocentric (concentric) 
Schmidt-Cassegrain 183-187, 191, 
193, 196, 198, 208 

- “long” Maksutov 170, 201, 202 

- Loveday 231, 232, 238, 240 

- Lurie (Houghton) 214-217 

- Maksutov 150, 165-175, 178, 196, 
206, 207,212,214,217 

- Maksutov-Cassegrain 193, 198, 201, 
204, 205, see also “long” and “short” 
Maksutov 

- Maksutov-Cassegrain, secondary on 
meniscus 204-206 

- Maksutov-Newton 215 

- Mangin 217-219 

- Mangin (achromatic) 218 

- Mangin prime focus 218 

- Mangin-type, Delabre 222 

- Mangin-type, Rosin and Amon 218 

- Mangin-type, Silvertooth 218 

- meniscus, double (Wynne) 212, 213 

- meniscus, multiple 212 

- meniscus-type 150, 193, see 
also Bouwers 

- Mersenne (afocal) see afocal 
(Mersenne) 

- Mersenne (grazing incidence) 5, 
101, see also Wolter 

- Mersenne afocal feeder 242 

- Mersenne-Schmidt 230, see 
also Willstrop 

- mirror forms 3 

- modern 419 

- modern aplanatic Schmidt- 
Cassegrain 186-191 



560 Subject Index 



- modern RC 116, 117, 444, 457 

- monocentric Schmidt-Cassegrain 
(Linfoot) see Linfoot 

- multi-mirror (centered) 223 

- Newton 8 - 13 , 17, 18, 40 , 41 , 89 , 
134, 204, 215, 218 , 231, 240, 329 , 348, 
419, 423, 426 

- non-aplanatic (with decentering 
coma) 287 

- normal (focal) 78, 80, 81 

- normal Cassegrain (with ADC) 393 

- normalized see Normalization 

- off-axis (Schiefspiegler) 255 

- original Ritchey-Chretien (RC) 

116, 117 

- Paul 3-mirror 227-230, 242, 325, 

352 

- Paul-Baker 3-mirror 228-232, 239, 
241, 278 

- Plossl Dialyte 219-221 

- plate-meniscus systems 207 

- prime focus form 41, 70, 80, 88, 208, 
240, 329 

- quasi-classical Cassegrain 376, 379, 
384, 385, 390 

- quasi-concentric (monocentric) 
Bouwers-Cassegrain 193 

- quasi-Ritchey-Chretien 331,332, 
335, 340, 344-348, 364-366, 372, 

379, 381, 383, 384, 387 , 389 , 390, 453, 
454 , 455 , 456 

- Rakich-Rumsey 3-mirror solutions 
63, 232, 233, 278, 279 

- RC modification (of classical 
Cassegrain) 119 

- Richter-Slevogt (afocal doublet 
corrector) see Houghton 

- Ritchey-Chretien (RC) 67 , 68 , 

88, 94 , 95, 97, 98, 101, 105, 109, 111, 
119 - 122 , 139, 140 , 178, 255, 266 , 
267, 272-274, 277, 282, 284, 286, 287, 
325, 331 , 335, 336, 340, 341 - 344 , 

347, 348, 354-356, 363 , 367, 372 , 

373 , 376, 378, 381 , 383, 389 , 390, 

404, 405, 442, 444, 445, 452, 453, 
455-457 

- Robb 3-mirror 238-239, 278 



- Rosin (with doublet field corrector) 
382, 384 

- Rumsey 3-mirror 238 

- Sampson (Mangin secondary 
corrector) 372 

- Sand excentric 3-mirror 278 

- Sasian two-axis, 4-mirror 252 

- Schafer 4-mirror Schiefspiegler 278 

- Schiefspiegler see Schiefspiegler 

- Schmidt 119, 124, 145, 151 , 152 , 
157-160, 161 , 163 , 165, 174-176, 178, 
180 , 182 , 183-186, 190 , 196, 209, 

214 , 230 , 241, 242 , 252, 357, 409, 
416 , 457,460 

- Schmidt achromatic 161, 163 

- Schmidt, basic principles 151 

- Schmidt, solid or semi-solid 174 

- Schmidt-Cassegrain 178-191, 193, 
405 

- Schmidt-type with afocal doublet 
see Houghton 

- Schupmann Brachymedial 219-222, 
248 

- Schupmann Medial 219-222, 248 

- Schwarzschild 445 

- Schwarzschild (aplanatic) 94, 111, 
114-119, 122-124, 126, 178 

- Schwarzschild (impractical) 113, 
126, 279, 372 

- Schwarzschild-Couder types 273 

- Shack and Meinel 3-mirror 238 

- “short” Maksutov 170-173, 198, 
201-203 

- single-axis, 4-mirror 242, 249-250, 
254, 255 

- single-mirror 46, 69 , 71 , 80 , 88 — 90 , 
92 , 93 , 111, 128 , 134, 138 - 140 , 144, 
145, 150, 226 

- Slevogt (aplanatic Schmidt- 
Cassegrain) 183, 186, 191, 194 

- small- field (Mangin) 217 

- Solano Schiefspiegler (Leonard) 260 

- Sonnefeld (Mangin with corrector) 
213,219 

- Spherical Primary (SP) 101, 
107-110, 122, 191, 266, 267, 274-277, 
284, 287, 463 
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Spherical Primary (SP) Gregory 
105, 267, 284 

Spherical Secondary see Dall- 
Kirkham (DK) 

Stevick-Paul Schiefspiegler 278 
strict aplanatic 341 
strict classical Cassegrain 375-376, 
385 

strict Ritchey-Chretien (RC) 345, 

347,377-381,388,453 

TC,0 (insensitive to lateral decenter) 

275-277 

TC,0 (off-axis) 276 
TC,0 (with spherical primary) 276 
three-mirror (centered) 223-231, 
238-242, 345 

three-mirror excentric (uniaxial) 
(Sand) 278 

total afocal (zero power system) 

352 

Tri-Schiefspiegler (three-mirror) 

255, 260, see also Schiefspiegler 
two-axis Baker 231, 248, 250 
two-axis Baranne-Lemaitre 253 
two-axis Korsch 225, 241, 247, 252 
two-axis Sasian 252 
two-axis Wilson-Delabre 243-251 
two-glass concentric (monocentric) 
Bouwers-Cassegrain 195-196, 208 
two-mirror 42 — 55 , 71 — 82 , 90 — 126 , 
226, 233, 238, 263 , 265 - 268 , 271, 

275, 277, 279 , 281, 283, 284, 327, 340, 
380, 382 

two-mirror afocal see afocal 
(Mersenne) 

two-mirror and plate 178, 223, see 
also Schmidt-Cassegrain 
two-mirror non-aplanatic (with 
decentering coma) 287 
two-mirror Schiefspiegler 255-261, 
see also Schiefspiegler 
wide-held 21, 55, 140, 143, 145, 146, 
148-255 

Willstrop 3-mirror 230, 238, 239, 
242, 243, 246 

Wilson 4-mirror, single-axis with 
Bowen camera 250 



- Wilson-Delabre 4-mirror, two-axis 
243-251 

- Wilson-Delabre 5-mirror, two-axis 
251 

- Wolter 5, 101, see also Mersenne 

- Wright- Vaisala 176-179, 215-217, 
357 

- Wynne three-meniscus 213 

- Wynne two-meniscus 212 

- Wynne two-meniscus (asymmetric) 
212,213 

- Yolo Schiefspiegler (Leonard) 260 
Reflector-corrector (Baker) 357 
Refracting telescope see Refractor 
Refraction 8, 14, 27, 34, 172 

- angle of 27 

- atmospheric 392, 393 

- Snell’s law of 27 
Refraction equation 35 
Refractive index 14, 24, 27, 34, 43, 

124, 131, 145, 148, 155, 158, 161, 164 , 
165 , 174, 209, 376, 381, 394 
Refractor 1, 4-6, 8, 9, 11, 14, 17, 21, 22, 
146, 191, 219, 221, 222, 419 , 431, see 
also Telescope 

- afocal 39, 55 

- conventional 36, 54 

- conventional visual 78 

- defocused 39, 40, 42 

- Galileo 4-6,9,40,42 

- Galileo-type (afocal) 405 

- Kepler 4,5,37,40,42 

- large 431,433,438,452 

- long 10, 13, 452 

- normal equivalent to Schupmann 
Medial 221 

Relative aperture 114, 160 
Remittance 22 

Resolution 15, 19, 26, 38, 301, 306, 

316, 320, 435 

- angular 302 

- limit 301, 320 

- linear 302, 317 
Resolving power 301, 303, see 

also Resolution 
Reticle 6 
Ripple 308-311 

- idealized sinusoidal 308, 309 
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Ritchey-Chretien (RC) see Reflector 
Rotation 

- secondary (angular decenter) 270, 
271 

Sagitta (sag) 41, 84 
Sagittal section see Section 
Satellite tracking (Baker-Nunn camera) 
211 

Scale 26, 40, 46, 54, 127, 175, 267, 288, 
326 

- inverse 54 

- linear 138, 139 
Scaling 128 

Scaling factor (correctors) 374 
Scaling laws 126, 356, 358, 367 
Schiefspiegler 255-263, 268, 273, 277, 
304, 320 

- analysis 270 

- anastigmatic (Kutter) 257, 259, 260 

- basic 259 

- catadioptric (Kutter) 260 

- coma-free (Kutter) 256-258, 260 

- excentric (off-axis) section 260, 261 

- formula (decentering coma) 

261-266 

- four-mirror 278 

- lateral decenter, strict case 263 

- perfect 260 

- Solano 260 

- spherical primary (TC,0 form) 277 

- term (decenter) 265 

- three-mirror (Sand) 278, 279 

- with off-axis sections 260, 261, 
276-279 

- with three or more mirrors 277, 278 

- Yolo 260 

Schmidt plate see Plate 
Schmidt telescope see Reflector 
Schwarzschild (conic) constant 59, 

64 , 82, 84 , 226, 243, 332, 361, 363, 

369, 420 

Schwarzschild formulation (two-mirror 
telescope) 77 

Schwarzschild theorem 89, 98, 101, 
111, 114, 176, 242,325 
Schwarzschild theorem generalisation 
89, 145, 241, 242, 248, 251 
Searchlights 217 



Secondary mirror 11 , 13, 50-55, 73 , 
91, 93-97, 107, 111-114, 117, 142, 147, 
150, 183, 189, 191, 207, 230, 256, 262 , 
268-271, 273-276, 280, 281, 284, 286, 
373, 406 

- aplanatic form 96 

- aspheric 189, 228, 384 

- Cassegrain (convex) hyperbolic 5, 
9, 15, 91 , 92, 101, 107, 111, 117, 120 , 
287, 426 

- changed asphericity 385 

- circular (obstruction) 302 

- combined with (coated on) meniscus 
204 

- concave 113, 114, 124, 273 

- concave (Schwarzschild impractical) 
113, 114 

- convex (virtual image) 112 

- decentered 263, 287 

- dummy flat 185, 327, 328, 350, 355 

- elliptical (convex) 231 

- Gregory (concave) elliptical 8, 9, 
91,101,111,278,287 

- high magnification 287 

- hyperbolic concave 231 

- magnification see Magnification, 
secondary 

- Mangin-type 219, 222, 372 

- oblate spheroid 117, 122, 191 

- parabolic 92, 242, 285 

- plane 185, 267, 327, 328, 350, 355 

- plane (folding) 53, 78 

- power 54, 115 

- Ritchey-Chretien (RC) 95, 119, 120 

- rotation (angular decenter) 270, 
271,288 

- separate (from meniscus) 206 

- spherical 101 , 103, 180 , 182, 191, 
227 , 243 , 247 , 251-255, 272, 382, 
384 , 416 

- spider 322-324 

- steep 6, 94 

- vertex (Paul telescope) 227 

- virtual 126 

- weakly curved 93 

Secondary spectrum see Spectrum, 
secondary 

Section 
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- sagittal 133, 135, 314 

- tangential 132, 133, 135, 255, 313, 
314 

Seeing 

- atmospheric 19, 38, 139, 301, 312, 
320,422,450,457 

- dome 440, 455 

- limit 414 
Segment 

- aspheric 242 

- fused quartz 446 
Segmented construction (primary 

mirrors) 107, 242 
Seidel 

- aberrations 127 

- approximation 57-59, 63-65, 96, 

120, 121 

- coefficients 63-68, 139 

- monochromatic conditions 111,241 
Seidel sum 64 

Self-achromatic (2-meniscus system) 
212 

Sensitivity (despace) see Despace 
Separation 143 

- aspheric plates 143, 333, 337, 356 

- thin lenses 40, 356 
Series 

- aspheric surface (Schwarzschild) 59 

- Fibonacci 103 
Serrurier truss 449 
Shape see Lens 

Shape factor 168, 170, 206, 351, 353 
Shearing 

- circular pupil 316 

Shellac (speculum protection) 429 
Shift of image (transverse despace) 

288 

Short constructional length 190 
Sign convention 24, 35, 41, 43, 52, 53, 
55, 64, 65, 77, 233, 234 

- Cartesian 24, 31, 63, 70, 233 

- strict 224 
Signal/noise ratio 302 
Silica see also Quartz 

- fused 345,347,385,390,446 
Silver (reflecting coat) 255, 426, 432, 

447 

Silvering 



- chemical 429, 432, 447 

Sine condition (Abbe) see Abbe 
Single surface 34 
Singlet objective 219, 220 
Singularity 235, 236, see also Recur- 
sion formulae 

Sitall (glass ceramic) 450, 455 

Site 457, 463 

Site selection 457 

Skew ray 28 

Sky 

- background 452 

- limited coverage (mounting) 422 
Slit 294, 295, 298 

- long 295 

- two, at right-angles 322 
Snell Invariant 64 
Snell’s law 27, 29, 34, 57 
Solar projection 22, 39 
Solution see also Reflector 

- effective flat field 117 

- quasi-RC 331,453,454,456 

- strict-RC 331,453,454,456 

- third order limitation 278 

- three reflection 240 
Solution matrix 

- well-conditioned 243 
Source 

- extended 293, 297 

- point 297 
Space 

- image 24-26, 34, 36, 331 

- object 24-26, 34, 36, 145, 146, 148, 
327, 328, 340, 341 

Space telescope 

- Hubble see Telescope 

- Next Generation Large 240 
Spatial frequency 313-315,321 
Speckle camera 393 
Spectral band 

- narrow 147 

- wide 147 

Spectral line (resolution) 301 
Spectral range (FR using lenses) 407, 
409 

Spectrograph 175, 250, 260, 463 

- design 408 

- echelle 452 
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- fixed 435, 454 

- Mayall slitless 432 

- McCarthy slitless 324 

- multi-fibre (multi-object) 98, 326, 
363, 370, 390 

- optics 111,217 

Spectroscopy 241, 435, 452 

- multi-object 98, 326, 363, 370, 390 

- with fixed equipment 435, 454 

Spectrum 8, 147, 175 

- normal secondary 163 

- primary 163, 220 

- secondary 14, 146 , 163 , 174, 209, 
218 - 221 , 348, 352, 358, 359, 364, 368, 
373, 376, 379, 381 , 389 , 390, 400, 406, 
411,419 

Speculum metal 11, 14, 18, 419, 420, 
422, 426, 429, 432 

- casting large mirrors in 18, 419, 429 

- crystallisation 419 

- tarnishing see Problem, tarnishing 

Speed (photographic) 48, 175, 267, 

373, 443 

Sphere 6, 11, 13, 18, 28, 59, 84, 86, 421, 
447 

Spherical aberration 3, 5, 6, 8, 14, 

62 , 65 , 69 , 73, 76, 88, 91, 97, 102, 117, 
128 , 130 , 131 , 134, 140, 142, 143 , 
144 , 148 - 150 , 152, 156, 158, 159, 

164, 168, 176, 182, 206, 217, 242 , 244, 
248, 250, 255, 264, 265, 267, 268, 275, 
280 , 282, 284 , 290, 292 , 293, 299, 

310, 312, 327, 329, 334, 335, 341-343, 
345, 348 , 349, 351-354, 356-358, 361, 
363, 364, 367, 372, 373, 376, 382, 384, 
396, 405, 406, 454 

- definition 3, 128, 130, 131 

- fifth order 165, 193, 198, 202, 207, 
208,212,215,218, 306,308 

- lateral 131 

- longitudinal 153, 167 

- third order 129 , 130 , 144, 145, 150, 
152, 153, 158, 167 , 168, 169, 217, 283 , 
306, 308, 309,311,320 

- third order (with optimum focus) 
309,311 

Spherical mirror see Mirror, spherical 



Spherical primary see Primary 
mirror, spherical 

Spherical Primary (SP) 2-mirror system 
see Reflector 

Spherochromatism 147 , 150, 152 , 
155 - 157 , 158, 161 , 163 , 165, 182, 

183, 186, 191, 196, 202, 206, 213-215, 
218,339,348,411 

Spider 

- diffraction effects 322, 324 

Spot-diagram 87 , 88 , 98 — 101 , 105, 

106, 109, 110, 117, 118, 124, 125, 161 , 
165, 166, 170, 171, 173, 174, 178, 179, 
186, 187, 191, 192, 194, 196, 198-205, 
209, 210, 214-216, 243, 245, 248, 249, 
252, 253, 259, 260, 322, 332, 333, 340, 
346, 359-365, 368, 369, 383, 385-391, 
396-401,405,407-415 

- single-column matrix 88 

- single-focus field-wavelength matrix 
88,98 

- through- focus matrix 88, 98 

Stop 89-92, 113, 124, 141 , 142 , 148 , 

149 , 151 , 160, 165 , 172 , 182, 184, 

208, 211 , 212, 255, 256 , 262, 270, 285, 
349, 357, 374, 378, see also Aperture 
stop. Field stop 

- at primary 105, 108, 148, 374 

- central 351,408 

- concentric 170 

- front 170-172, 196, 357 

- quasi-telecentric (FE or FR) 405 

- shifted 183, 218 

Stop position 66, 89, 90, 151, 170, 180, 
201, 228, 230, 244, 268, 329 

- different 69 

- front 170-172, 196, 357 

- meniscus 175 

- original (zero shift) 141 

- symmetrical 148 

- uncritical 170, 227 

Stop shift 66 , 69 , 71, 87, 141 , 145 , 
148 , 160, 164, 170, 172 , 201, 227 , 257 

- formulae 66, 77, 89, 90, 170 

- normalized 77 

Stray light 152 

Strehl criterion see Strehl Intensity 
Ratio 
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Strehl Intensity Ratio 129, 130, 301, 
304, 305, 307-309, 320, 321 
Structure 

- spiral 422 

Sun (observation) 39 
Superposition 

- linear (of Seidel coefficients) 64 
Supplementary feeder system 55, 227, 

229, 230, 242, 243 
Support see also Mirror 

- active (push-pull) 245 

- astatic lever 423, 437 

- astatic principle 420, 423 

- primary mirror 420, 423, 437, 446, 
449 

- whiffie-tree 420,421,426 
Support (mirror) see Mirror and 

Support 
Support system 

- 200-inch primary 447 
Surface 

- aspheric 59 , 82 — 84 , 87, 148, 176, 
178, 218, 349, 353, 354, 356, 359, 361, 
366,367,370,381,401,402 

- centered reflecting 55 

- chemically silvered 217, 429, 430, 
432, 447 

- concave (for aspheric testing) 361 

- contributions (Seidel) 207 

- first of 2-mirror system 71 

- glass 165 

- n-mirror 233 

- reflecting 11, 34, 57, 233, 234 

- refracting 11, 34, 57, 142 

- second of 2-mirror system 73 

- spherical 11 , 18, 58 , 70, 165, 198, 
207, 215, 218, 222, 255, 278, 359, 369, 
370,389,399,411 

- toroidal 253, 260 

Symmetry 59, 150, 255, see also Axis 

- axial 58, 59 

- concentric 148-151, 184, 198 
System see also Reflector 

- aberration-free 320 

- afocal Cassegrain feed 55 

- afocal Gregory feed 55 

- catoptric 238 

- centered 278 



- concentric (obstruction problem) 

209 

- Czerny- Turner (monochromator) 

257 

- evaluation 82, 87 

- Milky Way 440 

- mirror (for optical power) 146, 325 

- n-mirror 70, 233 

- normalized 65, 70, 92, see also Nor- 
malization 

- push-pull (active mirror support) 

245 

- reflecting (catoptric) 98 

- reflecting and refracting (catadiop- 
tric) 98 

- Schmidt equivalent (Paul) 227 

- Schmidt-Cassegrain (for FR) 414 

- supplementary feeder 55 

- telecentric see Telecentric system 

- telephoto see Telephoto system 

- tilted 257 

- Wilson-Opitz 2-mirror condensor 
259 

Tangential section see Section 
Tarnishing see Problem, tarnishing 
Telecentric see also Pupil 

- output (corrector) 370, 390 
Telecentric system 33, 37 
Telecentricity (FR) 407 
Telecommunications (off-axis system) 

278 

Telephoto effect 5, 8, 9, 33, 40 , 43 , 

46, 54, 93, 98, 109, 143 , 186, 190, 240, 
326 , 426 

- true 46 

Telephoto objective 40 
Telephoto system 

- lens 5,40,404 

- mirror 5, 42 

Telescope 21, 22, 26, see also Reflector 
or Refractor 

- aberration theory 59, 66 

- afocal 32,39,48,82,454 

- afocal feeder 55, 109, 227, 238, 242, 
246, 250 

- alt-az 242 

- Anglo-Australian 3.9 m (AAT) 366, 
367, 396, 456 
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- aplanatic 89, 94, 109, 111, 435 

- Astrometric Reflector (USNO) 54 

- basic function 21 

- Bergedorf 1.22 m (later Crimea) 

440 

- Bergedorf 1 m 440 

- Bjurakan 1-m Schmidt 457 

- Bowen-type 453, 457 

- Brown University 12-inch 
(Schwarzschild) 445 

- centering 11,261 

- Cerro Tololo 4.0 m 456 

- CFHT (Hawaii) 3.6 m 456 

- Chinese 2.16 m RC 389, 390 

- classical 419, 453, see also Reflector 

- Columbus 2x8 m 390 

- conventional refractor 36 

- Crossley 36-inch 432-434 

- defocused 39, 40 

- Doppler 1 m RC 444 

- Dorpat refractor 419 

- Dunlap 74-inch 440 

- equatorially-mounted Bowen-type 
456, 463 

- ESO see ESO Telescopes 

- fast 111, 114 

- flexure 18, see also Support 

- 40-inch Ritchey-Chretien (RC) 
(USNO) 95, 266, 444, 445 

- Eoucault 33 cm 429 

- Eoucault 80 cm 429, 430 

- Gaussian layout 42, 49, 186, 188, 
189, 286 

- giant (25 m) USSR 107 

- glass optics 429, 431 

- ground-based 312 

- Grubb 15-inch Newtonian-Cassegrain 
424 

- Herschel 15, 419 

- Herschel 20-foot focus 17-19, 438 

- Herschel 4-foot aperture see 40-foot 
focus 

- Herschel 40-foot focus 18, 19, 419 

- Herschel tilted single mirror 421 

- history 1,419 

- Hubble Space Telescope (HST) 140, 
141, 143, 144, 293, 348 



- 100-inch Hooker (Mt. Wilson) see 
Mt. Wilson 100-inch Hooker 

- Isaac Newton 2.5-m 359, 456 

- Keck 10 m 242, 368, 369 

- Kitt Peak 3.8 m, f/2.8 RC (concept) 
363, 364, 389 

- Kitt Peak Mayall 4 m 455-458 

- Lassell 9-inch 423 

- Lassell’s largest (4-foot) 422-424, 
426 

- layout 42, 49, 186, 188, 189, 286 

- Lick 120-inch (3 m) Shane 353, 369, 
370, 446, 452, 456 

- Lick 36-inch refractor 431 

- lists of 456, 463 

- LITE (project) 239 

- Magellan 315-inch 389, 390 

- manufacture see Manufacture 

- McDonald 105-inch 363 

- McDonald 82-inch 324, 414, 440 

- mechanical problems 18, 419, 422 

- Melbourne 48-inch 426-429,431, 
432, 434, 438 

- modern astronomical 54, 109, 426, 
434 

- MPIA 2.2 m (A), Calar Alto 
387-389 

- MPIA 2.2 m (B), La Silla 322, 323 

- MPIA 3.5 m, Calar Alto 360, 363, 
366, 406-410, 412, 413, 456, 463 

- Mt. Wilson 100-inch Hooker 437, 
438,440,441,445,449,452 

- Mt. Wilson 60-inch 111, 348, 352, 
353, 435, 437-440, 444, 445, 452 

- Multi-Mirror Telescope (MMT) 385 

- Nasmyth 20 inch 424, 425 

- Newton form 419, 422, see also 
Reflector 

- Nordic 25 m (project) 249 

- Nordic Optical 2.5 m (NOT) 414 

- normalized 65, 70, see also Normal- 
ization 

- obstruction problem 223, 241 

- 1.52 m quasi-RC, Cerro Tololo 345, 
347 

- optical specifications (quality) 301, 
304, 322 
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optimization (functional, on site) 

431 

Palomar 1.22-m Schmidt 457 
Palomar 200-inch (5 m) 352, 353, 
359, 360, 445-457 
Pease 300-inch concept 442, 445 
Perkins 69-inch 440 
photographic 266 
prime focus 40, see also Reflector 
reflectivity problem 241 
Ritchey 100-lnch optics see Mt. 
Wilson 100-inch 

Ritchey 24-inch (60 cm) 433-437, 
440 

Ritchey 40-inch (RC) see 40-inch 
RC (USNO) 

Ritchey 60-inch see Mt. Wilson 
60-inch 

Rosse 6-foot 419-422, 438 
Russian 6-m, Zelenchuk 449-452, 
455, 456 

solar 46, 101, 109 
solar (Snow) 438 

space 240, 301, 312, see also Hubble 
Space Telescope 

specifications see optical specifica- 
tions 

TEMOS (project) 107, 248, 253 
300-inch concept (correctors) 385, 
390 

two-mirror 42, 71, 88 
UKIRT (Hawaii) 3.8 m 456 
Universal K. Schwarzschild, 
Tautenburg 157, 460, 462 
University of Indiana 24-inch 
(Schwarzschild) 445 
University of Texas 7.6 m (project) 
366,367,414 
vertical siderostat 442 
Victoria 72-inch 440 
visual use of 38, 302, see also Eye- 
piece 

wide-held survey 239 
William Herschel Telescope (WHT) 
4.2 m 394, 395, 397-399, 455-457, 
461 

Yerkes 40-inch refractor 431,433, 
435, 438 



Telescope design parameters 49, 186, 
188 

Telescope form see Reflector or 
Refractor 

Telescope manufacture see Manufac- 
ture 

Telescope optics 

- active control see Active control 

- adjustment 69, 255, 260 
Telescopes 

- optical characteristics of major 456 
Television (OTF theory) 313, 315 
Temperature (mirror) 

- changes 438 
Terms 

- aspheric 59, 65, 140, 142, 354 

- Gaussian optical 61, 144 

- higher order 28, 60, 269, 270, see 
also Aberration 

- non-orthogonal 288, 308 

- orthogonal 288, 290 

- stop-shift 66, 71, 92, 108, 148, 172, 
382, 404, 405 

Testing 46, 62, 88 , 89 , 91 , 95, 101 , 

111, 117, 279, 361, 426, 431, 432 , 435 , 
437 , 438, 443 , 447 , 457 

- autocollimation 437, 445, 452 

- autocollimation pinhole 11 

- double-pass 437 

- flat 437,452 

- Hartmann 438, 450, 452 

- interferometer 450 

- null (compensation) 117,455 

- problems 91 

- procedures (Ritchey) 437, 438, 445 

- zonal 421,445,447 
Theorem 

- binomial 13 

- displacement 305, 312 

- Fermat 27,86,117 

- general, of plates 140-146, 193, 227, 
229 

- Malus 86 

- Parseval 315, 319 

- Schwarzschild 89, 98, 101, 111, 114, 
176, 242, 325 

- Schwarzschild (generalized) 89, 145, 
241,242,248, 251 
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Theory 

- analytical (third order) 57 , 69 , 82, 
89 , 117, 148, 161, 174 , 226, 228, 269 , 
270, 288, 339, 373, 382 

- aspheric plate 140-146, 193, 227, 
229, 381 

- Big Bang 440 

- diffraction 293 

- Fourier 312-314 

- Hamilton 59-63,255,288 

- higher order 85 

- “island universe” 440 

- reflector (Schwarzschild) 77, 94, 
114,325 

- Schiefspiegler (for decenter) 261 

- thin lens 167-168, 196, 373, 381, 
404, see also Lens, thin 

Thermal see also Problem, thermal 

- effects (dome seeing) 301, 455 
Thermal conductivity (mirrors) 432, 

450 

Thermal sensitivity (mirrors) 18, 440, 
444, 450, 455 

Thermodynamics 31, 38 
Thickness (meniscus) 206, see 
also Meniscus, Maksutov 

- finite 358, 407 
Thin lens 

- approximation 167-168, 206, 351 
Thin objective 36, 39, 41 

Third order approximation see Seidel 
Third order calculation 64 
Third order theory see Theory, 
analytical 

Throughput 38, 141 
Tilt 

- in one plane 255, 257 

- in two dimensions 255 

- mirror 90 

- small 90 

- wavefront 61, 138, 292, 306, 311, 312 
Tolerance 

- criterion (Rayleigh) 301, 306 

- criterion (Strehl) 304-308 
Tolerances 

- centering 111,245,270,444 

- manufacturing 11, 165 

- Schmidt 161 



Tolerancing 26, 98, 207, 279, 304, 307, 
308, 339, 345 

Tracing see ray-tracing 
Tracking 21 
Transfer equation 35 
Transformation 

- paraxial (virtual corrector plate) 

328, 340 

Transit instrument (Paul-Baker 
reflector) 229 
Transmission 

- UV 411 

Transmission (optical glass) 14, 165 
Triangular aberration (comatic) 62, 
290, 292 

Triplet objective see Objective 
Tube 

- open frame (ventilated) 423, 426, 
435 

Tube extension 123, 180 
Tube length see also Length 

- physical 152 
Turned-down edge 9 

Ultra-violet (aluminium coats) 447 
Ultra-violet (transmission for FR) 406 
Undercorrection (spherical aberration) 
159 

Unit circle (Zernike polynomials) 289, 
290 

Unit magnification 23, 24, 31 
Use 

- ground-based (specification) 301 
Vacuum 30, 31 

Variance (Strehl theory) 305, 310, 
311,321 
Variation 

- chromatic see Chromatic variation 
Velocity of light 27 

Ventilation 426 

- natural 423, 426, 435 
Vertex curvature 59, 83 

Very Large Telescope (VLT) 269 
Vignetting 33,50,52,115,126,149, 
150, 160, 193, 204, 243, 306, 316, 338, 
340, 364, 365, 393, 414, 444 
Visual use see Observation, visual 
VLT (ESO) see ESO Telescopes 
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Wave 

- sinusoidal (OTF) 312, 313 
Wave theory of light 13, 26, 293 
Wavefront 26-28, 30, 57, 60, 61, 65, 71, 

86, 138, 290, 294 

- geometrical 26, 27, 293 

- higher order effects (decentering) 

270 

- imaging 60, 61, 69 

- spherical 26, 61 

- tilt 61, 138, 292, 306 

- variance 305, 310, 311, 321 
Wavefront (phase) aberration 57, 58 

- coefficient (Seidel) 63-65, 68, 134 

- peak-to-peak 134 
Wavefront concept 

- image formation 26, 57, 58, 86 

- Seidel contributions 64 
Wavefront error 

- rms 290 
Wavelength 

- central (correction) 155, 156, 159, 
163, 193, 202, 208, 209, 394 

- light 293,323 

- secondary 158 

- visible light 128 

Wedge (prismatic correction) 260 



Wind-shake 431 
Windloading 426 
Window 333, 368 

- cold-box 369 
Winkeleikonal 86, 117 
Wire 

- fine (diffraction) 324 

Z-form (Czerny- Turner) 257, 258 
Zenith 147 

Zenith distance (ADC) 392 
Zernike (circle) polynomials 62, 288, 
289, 291,292 

Zernike (radial) polynomials 86, 290, 
291 

Zero optical power 

- plane mirror 270 

- plane plate 270 

- plane secondary 54, 185, 267, 327, 
328, 350, 355 

Zerodur (glass ceramic) 455, 456 
Zonal error 150, 152, see also Aberra- 
tion, fifth order 
Zonal mask 421,437 
Zone 421, 437 

- neutral 157 

- neutral (Schmidt plate) 157 



